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SUMMARY
The QXS1875 crossed field amplifier (CFA.) development which is they
subject of this report- is closely related to meeting the requirements imposed
upon a microwave generator by the Solar Power Satellite (SPS) concept in which
microwaves arc' used to transmit energy captured from the sun by a satellite
in synchronous orbit to the Earth's surface. These requirements include very
high efficiency, very long life, a capability for dissipating the heat generated by
any inefficiency directly into space by passive radiation, very low emission of
power at any radio frequency outside of a guard band around the frequency
allocated for the system, low mass requirements, and critical interfacing with
the do power input system. The work effort covered by this report is identified
with the design, construction, and evaluation of a tube that is consistent with
these requirements but which can be evaluated in a terrestrial environment.
Tice general performance objectives were a gain of 7 db, a CW microwave
power added of 5-8 kilowatts, an efficiency of 85%, a high signal-to-noise ratio,
to be achieved with a pure metal cathode at a frequency of Z. 45 GHz, and with a
design for dissipating heat that would be compatible with conversion to passive
cooling in the space tube configuration.
Because of the great importance of a low level of both spurious (discrote
frequency) and white noise outside of a protective guard band around the carrier,
and because data for this kind of noise was unavailable on CW CF'A's, the finding
of a high signal to noise ratio over a 1 1000 MI-Iz band around the carrier is
considered to be very important- and significant.
Other test data of importance: to the space CFA development is the high
circuit efficiency of over 97`°1o` and the vary sharp "knee" on the voltage-current
characteristic. The high circuit- efficiency is essential to the hoped-for
eventual realization of 90% overall efficiency for the microwave generator for
the SPS. The sharp knee indicates a low value of leakage current and is essential
for high efficiency at high values of DC input impedance and for low spurious
noise. The data indicates that the space CF'A. could be scaled to consider ably
higher levels of DC voltage, if desired.
Another significant contribution was the solution of the problem of providing
for adequate flow of heal: from the CFA interaction area to an external radiator
while providing connections to the input and output transmission lirlos which were
adequately broad banded and -• ugged enough to handle the power levels anticipated
for the tube.
Investigations of what n-iay be considered a piorwering nature were made into
the form of the microwave field pattern in the cathode.-anode interaction are,,:; to
explain the efficiency of 70. 5% which -was lower than the 85% expected, and l:o also
explain the roduced gain and power level.
G	 '
1. U	 IN TRODUC TION
The crossed field amplifier technology development with which this
report is concerned is in support of meeting the requirements imposed upon
a microwave generator by the power-from-space concept in which microwaves
are used to transmit energy captured from the sun by a satellite in synchronous
orbit to the Earth y s surface. These requirements include very high efficiency,
very long life, the capabiltiy for dissipating the heat generated by any ineffic-
iency directly into space by passive radiation, very low emission of power at
any radio frequency outside of a guard band around the frequency allocated for
the system, low mass requirements, and critical interfacing with the do bower
input system.
The effort covered by this report is considered to be the first phase of
a multiphase effort to develop a crossed field amplifier tube to meet these
objectives. It consists of the design, construction and evaluation of a tube
which is to be consistent with the long range space-tube requirements, but which
is liquid cooled, has a conventional vacuum envelope around it, and has its
magnetic field supplied by an electromagnet rather than by a permanent magnet.
In the evaluation of the tube, the efficiency and noise behavior are of particular
importance. The data obtained from the development effort is intended to be
used as a basis for further refinement of the tube design and for a more accurate
definition of the base-line design of the microwave power transmission system.
In order to understand he design of this initial tube and the successive
stages of development of the space-tube a substantial understanding of the concept
of the Solar Power Satellite (SPS) and the microwave power transmission system
is needed. Many of the interfaces to which the microwave generator is exposed
are novel as well as exacting and must be appreciated to design a tube that will
be compatible with them. The following sections are included as necessary
background information.
1.1 The Solar Power Satellite (SPS) - Concept and Development
The solar power satellite (SPS) is a concept in which power is
generated in a satellite in geostationa.ry orbit and then beamed to earth in the
form .of a microwave beam which is then converted back into ordinary electrical
power and distributed on a conventional power grid. Because the satellite is
rotating at the same speed as the earth the microwave beam can be a continous
link to a specific location at the Earth s s surface. The concept is particularly
attractive in taking advantage of solar energy which is available over 9976 of
the time during the year, and only non-available for short durAions of time
of the order of an hour which occur near midnight during a period of 44 days
during the autumnal and vernal equinoxes. Thus the electrical power derived
from such a system is available on a predictable basis and can reE.Ally serve
as a source of base load electrical power. The system eliminates the storage
requirement which is an objectionable feature of an earth-based system for
converting solar energy into electrical power.
n
4The general concept of the SPS was proposed by Dr. meter Glaser
in a paper (1) in Science in 1968 and immediately attracted considerable attention
because of the concern, even then, about future sources of energy and their
significance from an environmental impact point of view. The Glaser concept
relied upon combining three basic technologies. These were the demonstrated
photovoltaic cell technology for converting the sun f s energy to electrical power,
the demonstrated capability established by the space program to transport
material from the earth into space, and the emergent and less known but demon-
strated technology of transferring power by means of microwave beam (2, 3, 4, 5,
6, 7, 8, ).
The first set of multi-authored published papers to be stimulated
by interest in the Glaser concept is identified with the special December 1970
issue of the Journal of Microwave Power, entitled "Satellite Solar Power Station
and Microwave Transmission to Earth" (9). It was obvious from a review of
this set of stimulating but loosely related papers that an orderly, systematic,
initial study of the complete concept from a system paint of view was needed to
evaluate its technical feasibility and to provide some initial inputs regarding
its economic feasibility.
Such a feasibility study was undertaken by a group of personnel
from four companies, identified as Arthur D. Little Inc., Raytheon Company,
Grumman Aerospace Corp. and Spectrolab. Each of these companies published
a technical volume representing its area of expertise. Togs=ther they covered
the three areas of required technology as well as the socio-political aspects
of the concept. This set of reports first indicated the technical feasibility of
the concept and was an important motivating influence for the initiation of the
first NASA sponsored studies.
It was apparent from the start of the four-company team study
that the SPS system would present a tremendous challenge to the technology of
i-nicrowave power transmission. In particular, the space portion of the system
consisted of a mosaic of requireinents, each of which would have to be niet
with a solution that was compatible with the other requirements. At that time
requirements included very high efficiency, very long life (30 year), capability
for dissipating the heat generated by any inefficiency directly into space by
passive radiation, very low emission of power at any radio frequency outside
of a guard band around the frequency allocated for the system, very low mass
requirements, and critical interfacing of the microwave generator do power
input system, and the inicrowavc radiating system of the antenna. The response
to lids challenge was a design concept for the microwave transniittor • (10) which
relied heavily upon a rxiicrowave generator approach which is the subject of this
report.
Subsequently a contract was let in 1974 rroin Luwis Rooearch Center
(11) to further investigate the total mxicrowave power transmission ;;yste m and
its relationship to the rest of the system. This study also concluded that the
space portion of the microwave power transmission system was a nio,3t critical
issue and that the microwave generator was a key component and unavailable
as a shelf item. Because of the long lead time required for microwave tube
development it was recommended that the development work be initiated early.
This report is the result of th%^ first phase, of a proposed three
phase development effort which was recommended for the Amplitron and which
would result in a finished design compatible with the space environment upon
completion of the three phase program.
Since the issuance of the RFP (request for proposal) for the subject
work in Sanuary 1976, a number of developments, both technical and non-technical,
have occurred which have impacted the direction of the development of the micro-
wave generator. One of these is the general acceptance that there will be periodic
on-board maintenance for the microwave fenerator and that an expected life time
of 30 years or more will not be required." While this relaxation may have occur-
red because of the limited life of a thermionic cathode required in other approaches
to meeting the microwave generator requirements, it has a. very important impact
upon the design of the Amplitron as well. This impact has to do with decreasing
the cathode backbombardment power, the method for disposal of the heat gen
erated by this process, and reduced operating temperature of the proposed
samarium- cobalt magnets.
Another development is the desire for higher operating, voltages
and power as a result of recent system studies that have been made." Both of
these desires, taken in context with the technical results of the amplitron program
covered by this report, are consistent with an easier starting and better operating
amplitron -providing, of course, the mass of the cooling structure which goes
up steeply with increased dissipation _requirements does not prove to be a limiting
factor.
Still another developmen t has been the concept of an economical
method of fabricating a thin - wailed slotted waveguide radiator which can be
attached to the Amplitron so that an integrated package results, and in which
most of the power conditioning and phase compensation can also be intergrated.
This concept is illustrated in Figures 1-4, and 1 - 5.
All of these developments, not anticipated at the initition of the
current amplitron development, have an important impact upon the conclusions
and recommendations resulting; from this work effort.
Solar Power Satellite System Definition Study, Part III D180 - 24071 - 1Preferred Concept System Definition, March 1978, Contract NAS
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1.2 Adapting the Technology of Microwave Power Transmission to
the SPS Application
1.2. 1	 Introduction
Microwave power transmission plays a crucial rote in the
SPS concept because there is no other known method which can transfer power
from synchronous orbit to the Earth' s surface regardless of atmospheric conditions
at the high efficiencies that are needed to make the total system economically
possible.
Microwave power transmission in the SPS, as it is in most appli-
cations, is a three step process. The first step is the efficient conversion of
do power into microwave power. The second step consists of properly dis-
tributing the microwave power over the transmitting aperture and then coherently
radiating it to form a microwave beam which transports the energy to the receiv-
ing aperture. The final step is the reception of this microwave power and its
conversion back into do power.
The background technology (12) has developed to the p^^int where
overall do to do efficiencies of 54 76 have been documented in the laboratory (13)
and significant amounts of power (30 kilowatts of receive3 do power) have been
transmitted over a distance of one mile (14). It may also be shown that the basic
technologies of the individual portions of the system can be increased or have
already been increased to make laboratory efficiencies of close to 80 % possible
and efficiencies of 6516 passible in the SPS concept (15).
With respect to adapting this background technology to the SPS i*
has been found that the adaptation of the technology of receiving the microwave
power and converting it into do power has been relatively straight forward with
the principal concern being of an economic rather than a technical nature (16,
17). However, the SPS concept places an unusually severe set of requirements
upon the satellite portion of the Microwave power transmission system. The
major requirements are:
1. The transmitter must get rid of a_ny heat that results from
any inefficiencies in the microwave: generator, ,power con-
ditioning, or transmission in the power busses by radiation
into space.
2. The transmitter must have minimal weight in order to min-
imize transportation cost into space.
3. It must be possible to generate a highly coherent beam of
microwaves from a very large aperture and point it with
great precision.
4. The radiation from the transmitter must contain a minimum
ct energy that would cause radio frequency interference.
Y
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5.	 The transmitter must have a high degree of reliablity and
1	 enough redundancy to make an unscheduled shutdown an
	
!	 event of very low probability.
I A number of these requirements will be discussed in greater detail
with their implications to die generator approach omphasized.
r
	
1.2.2	 Radiation of Waste Heat in the SPS
The amount of microwave power that can be radiated from
	
}	 the transmitting antenna aperture per unit area is determined by the efficiency
	
}	 of the microwave generator and its associated power conditioning, and by the
radiating temperature of the transmitting aperture. If it is assumed that the
heat being radiated is spread uniformly over a black-body radiating area, then
i the microwave power that can be radiated follows the relationship
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	 97	 4
	
3	
1-^	 a-T A	 (1}
where n is. the combined efficiency of the microwave
generator and the power conditioning
T is the temperature of the antenna surface
Cr is the Stefan - Boltzman constant =
5.67x10 -8 watts Meters-2K-4
A is the area
Figure 1-1 is a plot of the microwave power radiated per square
meter as a function of temperature for various values of efficiency. For this
figure black body radiation is assumed but some preferred radiators approach
r	 this situation.
Inspection of equationWand Figure 1-1 indicates that large
amounts of microwave power can be radiated per unit area if both the efficiency
and the radiating temperature are high. In this context it is noted that although
high efficiency is always desirable, very high efficiency is primarily important
in the SPS satellite because of the heat radiation problem,
EquationWis not adequate in itself to define the heat radiation
problem in the SPS. This is because the mass required to transport heat from
the area where it is generated to the area from which it is radiated may be
considerable. The ideal situation would be to have the inefficiencies of micro-
wave generation and power conditioning spread uniformly over the surface so
that the resulting heat could be directly radiated without the need of mass to
transport it. However, there are a number of factors which tend to prevent this
ideal situation. One of the most important is that the more efficient microwave
generators tend to be high power devices with the generation of heat concentrated
7
yFigure 1-1. Microwave power radiation density as a function of efficiency
of microwave generator and temperature of antenna surfa
( one side only)
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in small areas. If we are to use these devices then heat must be transformed
to a large radiating area and if this is done by conduction. it is found that the mass
required for the heater transfer increases non-linearly, somewhere between the
Z and Z. 5 power of the amount of heat to be transported.
Heat may also be transferred by means of heat pipes or by
fluid flow to the surface of radiation but these means introduce many practical
problems associated with active cooling in space where "active" is here defined
as motion of a gas or liquid, whether or not outside energy is required for the
motion.
1. Z. 3	 The Generation of a Coherent Beam From a Lame Aperture
It is generally agreed that the best approach to this problem
is the use of a retrodirective array. The principle of the retrodirective array
is shown schematically in Figure 1-2. In this approach, the transmitting antenna
is broken down into a large number of subarra y . At the center of the subarray is
a means of comparing the phase of a signal that is generated within the transmitting
antenna itself and which is everywhere identical at the phase comparison points(sometimes called the clock phase for this reason) with the phase of a signal
which is sent from the center of the receiving array. The phase of the microwave
power which is radiated from each subarray is the conjugate of the compared
phase. When this procedure is carried out in all of the subarrays the result is
coherent radiation of microwave power in a direction centered on the source of
the pilot beam located in the center of the receiving site.
When this concept is applied to the transmitter in the SPS, it
is found impractical to associate one microwave generator with each subarray.
The complexity and cost of the phase control electronics must be spread out over
a sizeable area which will contain many generators.
The exact size of the subarray has not been decided upon but
areas of 100 square meters are typical of present thinking. With anticipated
radiated microwave poorer densities of the order of 20 kilowatts per square meter,
the total radiated power from the subarray would be of the order of 2000 kilo-
watts and because of the mass involved in the transportation of waste heat from the
microwave generator to the radiator, as well as the relatively low capability
of the waveguides to dissipate heat resulting from conducting large amounts of
microwave power, the power level of the individual microwave generators is
limited; as many as 400 generators may be required. The individual microwave
generators must be spread'out over the subarray and the phase of their emission
somehow controlled from the phase comparison unit at the center of the subarray.
1. 2. 4	 A Layout Format for the Subarray Containing Microwave
Generators
Figure 1»3 shows a format for a subarray that will contain	 k
a large number of microwave generators cf the amplitron type, although the
format may have general applicability in any situation where a large number of
generators must be used and where the phase of the output of these generators
i
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Figure 1-2. Diagram of Retrodirective Array. Pilot beam establishes a phase front reference at each
subarray. This phase is compared with a clock phase which is the same at each comparison
point. Each subarray then transmits with a phase that is the conjugate of the compared phase.
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must be strictly controlled. The format of Figure 1-3 was developed to take
advantage of a special property of the Amplitron which eliminates the need for
a separate power supply for a thermionic cathode. This property is identified as
the starting of current flow from a cold cathode when microwave energy of a
sufficiently high power level is injected into the input of the tube. Any input
power that is injected into the tube is added to the power generated within the
tube and is therefore not lost. This permits operation of the Amplitron at a. low
gain level where the efficiency is highest and where the rn.icrowave input level
is sufficiently high to start the flow of electrons from the cathode. All of the
output power generated in each tube is radiated from a slotted waveguide, except
for enough to drive the next Amplitron in the chain.
Phase correction as the microwaves energy is propagated
along the structure will be necessary. In the format of Figure 1-3, this is
accomplished as the wave propagates back to the center line of the array and
compared with a reference phase at the center line. A number of options for
phase correction may be considered. The phase correction may be divided
equally among the units in cascade, if each unit is identical in its response to
changes in the working environment.
The packaging concept for the unit may make this possiKe
because of the uniformity of the packages and the trimming adjustments that
can be mada while each unit is under test. The packaging concept as shown
in Figure 1-4 consist
'
s of the microwave generator, a radiator for radiating
waste heat to space, and a section of slotted waveguide to radiate most of the
power which the Amplitron generates. Enough power is left at the output
flange of the unit to supply the next half section of slotted waveguide with power
to radiate and to drive the next Amplitron. As discussed in section 1. 2. 5 there
may be additional functions in the package to perform most of the power con-
ditioning.
7,; may oe possible that phase shift corrections for a known
change in operating conditions can be programmed in an open ended fashion
within the package itself, and that these corrections will be sufficiently small
so that any accumulated error can be corrected with phase correction devices
at the center line of Figure 1-3 only. The Amplitron device tends to run at
near constant phase shift through the device even with shifting operating cond-
itions so that phase corrections, although necessary, are relatively small.
However, if these two options are determined to be insuffi-
cient, a phase comparison may be made at each of the package units by running
auxiliary reference transmission lines from the center line of the subarray.
I
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Figure 1-5 shows how an assembly of the packages might
appear in the transmitter. In this arrangement the package is virtually a plug
in unit with only one electrical connection to it. The package is positioned with
rails.
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Figure 1-4. A packaging cone-ept for combining the microwave generator, its heat radiator, and a
i	 section of slotted waveguide radiator of nearly the physical size of the heat radiator.
Microwave power feeding in at one wave guide flange supplies power to three "sticks"
of radiating waveguide and power to drive the Amplitron. Output of Amplitron feeds
rhree more "sticks" of radiating wav yguide before reaching the output flange.
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Figure 1-6. Generalized interface of the microwave generator with the SPS microwave power
transmission subsystem and the DC power bus.
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If the second approach is taken, a great deal of additional
equipment and therefore mass is added to the satellite, there will still be some
ir_ef£iciency, and the solid state devices with which such transformations are
usually carried out, will not work properly in the high ambient temperature of
several hundred degrees centigrade in which they will be immersed.
From this discussion it is seen that power conditioning is a
critical element in the SPS satellite, and the manner in which the do output of
the photovoltaic array is matched to the microwave generator may well determine
the technical feasibility of the complete SPS system.
The criticality of the interfacing of the microwave generator
with the rest of the microwave power transmission system, including the input
power conditioning, was early recognized by the author who suggested an approach
in which varying the magnetic field of the axmplitron was to be used to adjust the do
input power to the correct value to deliver a predetermined amount of microwave
power to the radiating antenna. The control method does not result in any power
dissipation aside from the few watts required to operate the control system,
and in theory impacts the operating efficiency of the tube itself by less than one
percent. Thus the output voltage from the solar array can vary a substantial
amount and be accommodated without efficiency loss in the system and without
significant addition of mass.
The generalized interface of the microwave generator with
the SPS system, shown in Figure 1-6, can be particularized for the amplitron
with a variable magnetic field as shown in Figure 1-7. All functions within the
dotted line are a part of the Amplitron. Most of the power conditioning is carried
on within the Amplitron package, leaving only the need to protect for an arc which
may occur infrequently inside the tube. This protection will necessitate an
external fuse or crowbar. In principle the fuse could be a very thin wire which
connects the do power bus with the tube. A crowbar would be far more co iplex
and would also need the thin wire fuse to protect the crowbar if the arc in the
tube did not clear with the momentary closure of the crowbar. The selection of
the form of protection to be used for arcs may require a considerable amount
of initial operating experience. The cause of these arcs is a complex subject
in its own right. It is probable that substantial reduction of arcing would result
from further research which would be motivated by need in this application.
In this connection no arcing has been noted in testing present tubes but it will be
a factor in all classes of tubes used in the high temperature space environment.
To understand the power conditioning feat-tire which is carried
on within the Amplitron package it is necessary to exa .inc the interface between
the solar array and the Amplitron. For this purpose it is helpful to superimpose
the output characteristics of the solar photovoltaic array upon she input character-
istics of the bank of Amplitrons, as shown in Figure 1-8. The input properties
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of the Amplitron generator used in the SSPS base-line design are distinguished
from those . of most other kinds of loads in that there is no current flow until	 A"'
a relatively high applied potential is reached, after which the current increases
very rapidly with additional voltage. The solar array will be operated at maxi-
	 .'
mum efficiency when the product of the voltage and current at its output terminal
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Figure 1-7. Specific interface for the packaged Amplitron device
with the microwave power transmission subsystem
and DC power bus.
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Figure 1-8. DC voltage and current characte ris tics of the
Amplitron and solar photovoltaic array superimposed.
is maximum. This should then coincide with the input operating point of the
bank of generators.
The output of the solar cell array will be distributed to the
Amplitrons on do busses. The Amplitrons will be connected in parallel across
the do busses. Normally some kind of series regulator would be needed between
the Amplitron and the do buss as shown in Figure 1-9, not only because of un-
controllable residual variations in the characteristics of the individual tubes, but
also because the microwave output of each Amplitron must be held to close
tolerances for the efficient launching of the microwave beam. The regulator 	 i
also must play a major role in the start--up of the system, where it is assumed
that the initial start-up voltage will be greater than the normal operating voltages
because of the regulation characteristic of the photovoltaic array as shown in
Figure lw&
Fortunately the function of the series regulator which would
dissipate power can be replaced by an adjustable magnetic field for the Amplitron
which dissipates little if any power.
The relationship between input voltage, input current, and
applied static. magnetic field in the Amplitron is shown in Figure 1-10. If the
applied voltage is too high, the magnetic field can be raised and the current
flow red-aced to obtain the same input power. Similarly, if the applied voltage
is reduced, the magnetic field can be lowered and the current flow increased
to obtain the same input power.
;G
The magnetic field in the Amplitron can be varied electrically
by utilizing a solenoid to produce flux which will add to or subtract from the flux
established by the permanent magnet material, or mechanically by moving one
or both of the pole pieces in the Amplitror. as shown schematically in Figure 1-11.
The latter method is the best from a power consumption point of view. The
desired result can be accomplished by the expenditure of no more than four or five
watts of do power which can be obtained by efficiently rectifying a small amount
of microwave power extracted from the Amplitron output.
There is an intuitive objection to mechanical bearings in
space, which the mechanical motion of the poles implies, because of the lack
of conventional lubrication. However, it should be noted that millions of X-ray
tubes have been manufactured with high speed bearings which are completely
within the vacuum. The requirement placed upon the SPS application is for
only intermittent operation at relatively lo-w speeds. There are a number of
interesting approaches to the movement of the pole pieces for this application,
and the arrangement in Figure 1-11, which is little more than schematic, would
not necessarily be used.
The movement of the pole pieces can be combined with a
power sensor at the output of the Amplitron to form a control loop that will
adjust the microwave output of the Amplitron to a predetermined level over a
wide range of bus bar voltage. The control system is shown schbmaticaly in
i
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Figure 1-9. Schematic diagram indicating parallel operation of Amplitrons
across a DC bus and the need for regulating the power input
into each Amplitron.
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Figure 1-11. Cross section of an Amplitron with a movable pole piecs to change
the magnetic field.
Figure 1-12. The control system consists of a reference voltage which corresponds
to the desired value of microwave output, and an error feed back system which
compares the actual microwave output with the desired value and then changes the
magnetic field in the tube to reduce the error at the output.
. The entire control loop can he actuated without auxiliary elec-
tric power, as suggested in Figure 1-12.
The directional coupler extracts energy from the line and
energizes a zener diode which sets a voltage reference level whic.a is compared
with the input level from the directional coupler to provide an error signal. The
error signal actuates a motor to change the magnetic field so that the microwave
power :output is restored to its proper level. The motor, consuming a few watts
of energy only while it is being intermittently operated, also obtains its energy
through the directional coupler.
Since the desired output level may vary as a function of time
it may be necessary to set the reference output level from an external source.
However, this can be carried out at very low levels of signal power.
Thus far, the control of the output of the Amplitron and the
interface with the solar array L: , ^ been examined under the assumption that the
Amplitron is operating. Actually, the operation of an Amplitron with a cold
secondary emitting cathode will not begin - even though the proper voltage is
applied - until microwave power is injected into the microwave input of the tube.
When microwave power is injected into the tube, it starts almost instantly, far
too fast for the feedback control system to be effective. If the applied voltage
is too high, there will be a surge of current through the tube with disruptive
consequences. Therefore, when the system is shut down for any reason, it will
be necessary to automatically latch the pole pieces in a position where the re-
sulting magnetic field will be great enough to preclude any current from being
drawn initially when the system is turned on again. Then, when microwave
drive power is again applied to the Amplitron the microwave power sensor at
the Amplitron output will sense this and unlatch the control circuit. The current
in the tube will begin to flow as the control circuit reduces the magnetic field and
will be brought up smoothly to the operating point within a few milliseconds,.
The various transfer functions in Figure 1-13 have been
worked out and an expression for the complete openloop transfer function has
been developed for probable values of the weight of the moveable pole piece
and the spring compliance necessary to restrain the pole piece for the original
proposed design. Typical response tunes with an appropriate lead network
appears to be about 10 milliseconds. The gain of the system is highly dependent
upon the slope of the voltage - current characteristic of the amplitron and will
impact the amount of electronic gain needed for the system.
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Figure. 1--12. Schematic circuit indicating how power can be tapped off of output of Amplitron and
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1.3 Background Information on Amplitrons
1.3.1	 General Historical Background and Application of Amplitrons
Over the past 40 years a large number of different electron-
tube approaches to the generation of microwave power have been developed.
There are two general classes of tubes; linear beam tubes and crossed-field
tubes. The second class, with which this report is concerned, can be subclassified
in various ways. Two different subclasses with which we will be concerned are(1) injected-beam or continous-cathode devices, and (2) oscillator or amplifier
devices. The SP5 requirement definitely calls for a device that behaves like an
amplifier. There are crossed field amplifiers (CFA' s) of both the injected beam
and the continous-cathode design. This report is concerned with a crossed field
amplifier of the continous cathode design quite frequently called the Amplitron(18, 19, 20, 21) .
The device which is now called the Amplitron was invented
in 1953. (18) It was derived from the magnetron and developed because of the
desire to convert the conventional magnetron oscillator into an amplifier (18, 19),
The Amplitron and the magnetron oscillator then have close similarities, with
the major distinction being that the amplitron has a non-reentrant circuit which
is match, d at both ends to outside terminals while the magnetron has a reentrant
circuit and only one output. This comparison is shown in Figure 1-14. The
amplitron is also designed For use somewhere within the pass band of the slow
wave circuit but away from the lower cutoff frequenc y while the magnetron is used
at the lower cutoff of the slow wave circuit.
These differences not only endow the derived device with the
properties of a broad band amplifier but also provid ;.t with directional propert-
ies, that is , it has gain in one direction, but not the ether. This is shown in
Figure 1-15. The direction of gain can be changed by reversing the magnetic
field. This reversal of direction of gain is a common property of all CFA' s(crossed field amplifiers) and has led to a classification of tubes as forward
wave CFA' s or backward -wave CFA' s.
From a historical point of view, forward wave interaction
promised the capability of operation over a wide frequency range without having
to change the input voltage to the tube and thereby providing it with a capabilit•
called " instantaneous bandwidth". For this interaction a differen-. kind -of
circuit than that used in the magnetron was preferred. Therefore two sub-
cultures of continous cathode CFA' s developed which resulted in substantially
different tubes because of the circuit differences. However, there is no reason
why in principle the devices cannot be operated both -gays if "instantanecris
bandwidth" is not required. It was known, for example, that the original continous
cathode device (Amplitron) derived .from the magnetron could be operated as
both a forward wave and a backward wave device, (18, 19) although its backward
-wave mode was much superior for the application of the tube. It is also of interest
that the "C" modification of the QKS1875 Amplitron which has a circuit structure
25
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Figure 1-14. Diagram illustrating the basic differences of construction
and operation between the Amplitron and the magnetron.
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Although the details of Amplitron operation are complex, the principle
is easily grasped by analogy to a 60-Hz alternator. in the Amolitron,
there is a rotor consisting of spokes of space charge that induce high-
frequency alternating current in a stator composed of a microwave
circuit. The electric fields from the energy in the microwave circuit,
in turn, exert a force against the spokes of space charge. The torque
required to spin the rotor comes not from external mechanical torque,
as in the 60-Hz alternator, but from the motion of charged particles in
static electric and magnetic fields oriented at right angles to each
other. Power is supplied to the rotor by the rate of loss of potential
energy of the electrons as they move from the cathode to the anode
within the spokes.
The Amplitron is placed into operation by applying the proper values of
magnetic field and do voltage between cathode and anode and then in-jecting an rf signal into the microwave input. This signal ionizes the
minute amount of -as present in the tube and frees electrons which bom-
bard the cathode -nd start the emission process. Build-up time to
steady state is a few nanoseconds.
Figure 1-15. Principle of Operation of the Amplitron
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identical to that of a common magnetron, operates iu the forward wave mode as
well as the backward wave mode. Most c^)€ the test information recorded in this
report is for the forward wave mode.
Since its introduction in 1953 the Amplitron, (identified as the
continuous-cathode, reentrant-beam, crossed field amplifier) has found wide
application in pulsed radar applications where high efficiency, high power, and
a modest frequency bandwidth is tPquired. Figure 1-16 shows some but not
all of the amplitron designs that. have been developed by Raytheon Company for
various applications. Nearly all of these designs are for backward wave inter-
action, and nearly all are for pulsed applications.
nAlthough a significant amount of effort has gone into thq suc-
cessful development of CW amplitrons, these CW tubes have not been used to the
extent of their pulsed counterparts. Part of the reason for this is that CW
applications tend to be communication applications and in this area high gain
linear beam devices are preferred to higher efficiency but lower gain crossed
field amplifiers. One significant use of a CW Amplitron was in the Apollo program
in which the OKS1300 CW AmplLtron was used to boost the power level of high
data rate transmission from the lunar lander to earth. This tube is - the small
tube in the foreground of Figure 1-16.
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1.3. 2	 Background of CW Amplitron Development
Although there has been a steady development effort on pulsed
arnp itron.s since the early development of the device, the development effort on
CW amplitrons has been intermittent. Nevertheless, some of these developments
have been of considerable significance and have had an influence upon pulsed
amplitron design as well as upon subsequent CW amplitron development. They
have had a particular sigificance to the development of the space-tube amplitron
for the SPS.
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The first significant CW development was the QK596 Amp
developed in the 1956 to 1958 time period (22). Its chief significance to the
current development was the extremely low level of noise achieved when it w
used as a stabilized o6cil.lator. It is described in considerable detail in the
reference. An interesting feature of this tube is that it had a circuit which v;
external to the vacuum chamber. Only the cathode and anode electrodes wer
inside the vacuum chamber, making it possible to experiment with different
external circuits. The tube had a thermionic cathode.
Its characteristics and noise performance features are
summarized as follows
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tubes discussed in the previous paragraph. Its design was essentially scaled
from the higher power QK849 Amplitron and it utilized a modifiedversion of
high velocity water cooling and a water-cooled, platinum-surfaced cathode.
The scaled down version also represented an almost direct frequency scale of
the QK680 so that data from both the QKS1532 and QK680 development are appl-
icable to the current QKS1875 Amplitron development.
The greatest  signi.ficance of the QKS 153 2 for the QKS 18 75
Amplitron development is that it employed a platinum cathode and was able to
start and amplify well with a microwave drive of no more than one kilowatt.
The CW microwave power output of this tube as a function of anode current for
a drive level of one kilowatt is shown in Figure 1-17. It is noted that a gain of
10 dB was easily achieved with a power output of 10 kilowatts and that the min-
imum power noted was 2,8 kilowatts. The efficiency at that point was as good as
at the higher power levels.
The QKS1875 has the same pitch or distance between vanes
as the QKS1532 and therefore their V. voltage scales are the same.
1.3.3	 Background of Efficiency in Amplitron and Magnetron Devi ces.
Because high efficiency is such an important, consideration
in reducing the amount of heat that the satellite solar power station must reject
into space it is importan t to consider the background of information that exists
on the efficiency of the Amplitron and the closely related magnetron. For both
of these devices there are examples of very good efficiency, even though an
all-out effort has never been made to optimize the efficiency in either one of
these devices.
In bath of these devices there is an efficienc y that is derived
from the relationship between the potential energy that an electron has before
it leaves the cathode and the kinetic energy with which it hits the anode where it
is collected. The difference between these two energies represents the trans-
formation of potential energy into microwave energy. This electronic conversion
efficiency is directly related to the ratio of the applied :magnetic field to a design
parameter of the tube called Bo, and is given by the expression
2B - 2
B
Electronic Efficiency = 2B o	 (2)- 1
B
0
This theoretical electronic efficiency is plotted in Figure 1-18
as a function of the B/B . The performance of several outstanding tube denrelop-
ments from the efficiency point of view are also plotted in the same Figure. The
8684 magnetron (26) performance is especially interesting because it is a high
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Figure 1--17. CW power output of the QM 153 2 as function of
anode current at an input drive level of one
kilowatt.
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Figure 1-18. Theoretical and experimentally observed electronic efficiency
of selected Arnplitrons and magnetrons as a function of the
B/Bo ratio. Overall efficiency which is the product of elec-
tronic and circuit efficiency is also shown.
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ra
powered CW tube and it is a shelf item, Its electronic efficiency approaches the
93% given by the above formula very closely. The 8684 magnetron does not have
a particularly high circuit efficiency and so its overall efficiency is about 8516.
The QKS1220 Amplitron, (27) a pulsed tube, was operated at an indicated over-
all efficiency of 90%, at the higher values of B/B but at a frequency of 500 MHz.
Because the Amplitron has an inherent high circu°t efficiency, even at 2.45 GHz,
it would seem possible to obtain 9010 or more overall efficiency from. the Amplitron
at that frequency when run at sufficiently high B/B o ratios and properly designed
otherwise.
The equation for electronic efficiency given by (2) does not
take into account the backbombardment power absorbed by the cathode, so for
this reason the electronic efficiency will be somewhat lower. On the other hand
it does not take account of vane shaping or other techniques to slow the electrons
down from synchronous speed ,just before they reach the vane and which would
increase the efficiency. With respect to cathode bombardment power, a cathode
that supplies a substantial amount of primary emission or which has a high
secondary emission ratio at low bombardh.-nent energies will require much less
bombardment power to supply the necessary cathode emission. It is a matter
of record (26) that the backbombardment power of the filament type cathode
(filament) of the 8684 magnetron has less than 1 % backbombardment power.
Figure 1- 19 provides a set of high efficiency data on theQK727 Amplitron which is a high duty cycle pulsed amplitron whose level of
output is about fifteen times that anticipated from the QKS1875. It is to be noted
that the efficiency is slightly in excess of 807o over a wide range of frequancies.
1.3.4	 The Initial Baseline Design of the SAace Amplitron
The initial baseline design of the space amplitron is defined
as that design which had been arrived at before the inception of the work effort
on phase I of the development and which this report covers. The design of the
first QKS1875 Amplitron that is described in Section 2.3 was based upon this
baseline design for the space tube although important changes had to be made
to accommodate the enclosure with a vacuum envelope, and to match the internal
circuit to the input and output in a.manner to handle the microwave power level
while not interfering with the flow of heat to an external radiator.
The initial baseline design had been arrived at through a series
of previous studies that had reviewed the problem of disposing of waste heat
into space (10, 11, 28) and that had attempted to optimize the electrical size
of the tube to accommodate this requirement. It had been concluded that the
usual cooling method of running water or other coolant through the vane tips
of the anode would ixot be acceptable in this type of application and that a solid
vane construction with conduction of heat to the back wall would be necessary.
This kind of contruction which closely resembles that in a conventional mag-
netron is a new departuii in the design of amplitrons. At the back wall point
T Much of the work on selecting an initial baseline design was done by George
Mac Master and Kenneth Dudley under both Raytheon support and NASA support.
See reference 28.
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4	 ^ Figure 1-19. Performance Characteristics of the QK727. Performance ua -s- indicates an efficiency of
over 80% over a 107b frequency range.
there is a choice between using heat pipes to transmit the heat to a large surface
or to use a light-weight highly conducting material such as pyrolytic graphite
to passively conduct and radiate the heat. Because of the high probability that
unprotected heat pipes would be subject to puncVr.e by micrometeor aids it was
decided to use purely passive radiation cooling.
Because of the desire for very long life as well as the desir-
ability of eliminating a heater supply for a therrnionic cathode which would have
to be isolated From ground it was attractive to use a pure metal secondary emit-
ting cathode which would have extremely long life from which emission could
be initiated by the normal microwave drive power providing that drive level
was in the range of one Id l owatt. This suggested arrangement led to the concept
of cascading of tubes that was discussed in section 1. 2.4.. A pure metal platinum
cathode was therefore used.in the base line design, but because of the backbom-
bardment power and the relatively low operating temperature of the cathode, it
would be necessary to supply a heat radiator for the cathode as well as the anode.
The initial baseline design of the space tube is shown in
Figures 1-20, 1-21, and 1-22. Figure 1-22 is a photograph of a model of the
tube and the waveguide into which it is inserted. This concept should be compared
with the later concept shown in Figure 1-4. The designs should not be taken
literally in all respects. For example, the pole piece moving arrangement. in
Figure 1-20 has not been carried out in detail. On the other hand ,he first stow
wave circuit to be constructed approximated the one shown in Figure . 1-20 very
closely. The number of vanes and their pitch was not changed in the QKS1875
Amplitron design.
The baseline design had been made for a frequency of 2.45
GHz after a number of investigations had indicated ghat this frequency region
near 2.45 GHz represented a good compromise between the severe attenuation
that woulduld result in the earth' s atmosphere under certain meterological conditions
at higher frequencies and the larger sizes of the transmitting and receiving
antenna required at the lower frequencies. From the viewpoint of the DC to RF
and RF to DC converters 2.45 GHz represented a frequency where the I:no,,Nn
efficiency of the devices was high. In Section 4 of reference 28, a number of
studies were made of the weight, efficiency, and cost of the tube as a function of
frequency which indicated a frequency in this region was optimal. The exact
frequency of 2. 45 GHz was chosen because it is at the middle of the ISM band
where there is no potential interference with the services and equipment already
in that band.
With the frequency selected there had remained in the design
selection process the matter of the electrical and physical size of the tube.
The factors that impact the electrical size of the tube. are given in Figure 1--23.
They have been studied quantitatively in reference 28. An overriding factor
in the size of the tube is the specific mass of the tube, as measured by the ratio of
the mass of the tube to the electrical power output because of the high cost of
transporting ;Hass into space. This ratio is very .critically dependent upon the
efficiency because of the substantial amount of mass that is required to conduct
and radiate the waste heat. The base line design has a passive radiator of near
J. W. Leach and R.L.. Cox. "Flexible Deployable--Retractable Space Radiators"
Section on Microrneteoroids AIAA Paper #1$96, 12th. Thermophysics Con-
36	 ference, June 27-29, 1977 Albuquerque, N. M.
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Figure 1-20. Baseline design of the SPS Amplitron that was established prior to undertaking the work
effort covered by this report. The anode and cathode configuration and dimensions were
retained in the baseline design for the QKS1875 Amplitron constructedunder this work
effort. Mater cooling of.anode and cathode and a ceramic envelope around the vacuum
were basic departures from the space--tube design. The input and output coupling
',	 arrangements have also been substantially reworked.
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Outline drawing showing the proposed integration of the baseline design of Figure 1-20
with a waveguide output. Also shown are an output sensor probe and an arrangement
for moving the pole piece to change the magnetic field. The necessary solid state
components are mounted on the outboard side of the waveguide which is expected to be
cool enough to permit the use ofsolid^statE components made from gallium arsenide.
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TEMPERATURE
RADIATOR WEIGHT
WAVEGUIDE LOSSES AND
COOLING
SmC o MAGNET TEMPERATURE
EFFECT OF TEMPERATURE ON
LIFE	 I
CATHODE STEM HEAT
CONDUCTION
LOW	 POWER RATING OF TUBE	 HIGH
FACTORS IMPACTING RATING OF TUBE
Figure 1-23. Factors impacting the power rating of the space Amplitron.
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optimum form, a circular geometry with a wedge-shaped c- ross section. The
mass of this radiator increases approximately as the 2.5 power of the heat that
it radiates.
It can therefore be shown that the mass of the radiator is given
by:
mass of radiator = K ( 1-77	 Pa) 2.5 -	 (3)
where 
-1 is the efficiency and P o the microwave power output.
It is observed that the mass of the radiator is highly depen4ent
upon the inefficiency of the tube. The mass of the radiator for a 907o efficient
tube will be only 13% that for an 80% efficient tube; that for a 93% efficient tube
only 12% that of an 85% efficient tube.
If the radiator were the only mass in the tube, then the power
rating of the tube should be as small as possible because it is seen that the ratio
of the mass of the tube to its power output, varies as the 1. 5 power of the power
output.
Of course there are elements in the tube such as the pole
moving mechanisim which may be relatively independent of power output and
others such as the magnet weight and anode weight that are more he
	 pro-
portional to power output which may prevent the size of the tube to obtain min-
imum specific weight from becoming vanishingly small. Nevertheless, in the
long run very high efficiencies are deemed to be possible, and the weight of the
radiator is such a dominant factor in the design that the optimum size of the tube
from a specific weight point of view tends to become quite small.
But then the question to be asked by those with experience
in the design and operation of such tubes is whether the efficiency will hold up
at such low power levels. This question arises because of the tendency of
electrons to leak out of the interaction area at very low values of operating
current and reduce the operating efficiency or to prevent operation entirely.
Fortunately there have been demonstrated ways to cope with this problem by
operating the pole pieces at cathode potential and in properly shaping the mag-
netic Meld, as discussed in Section 1.3. 2.
Another practical reason for not operating at extremely low
power levels is the desire to start the tube with the injection of microwave power.
Prior experience had indicated that an input drive level of one kilowatt would
be a reasonable value.
All of these factors - the weight of the radiator in the space
tube, the efficiency, the minimum expected power level to sta ct the tube, and
the loss in efficiency caused bf leakage current from 'the interaction area were
41
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all taken into consideration in arriving at a set of objective specifications for the
space tube which would also become the objective electrical specifications for
the amplitron design for the first phase of the space tube development.
'fhe Resulting Objective Electrical SpecifkcationE^ are
Efficiency 85 %v minimum
RF Power added 5 - 8 kilowatts
Gain 7 dB
RF load operable into both dual-mode
horn and slotted waveguide as
o, well as matched waveguide water
load.
Cathode Surface pure metal (non-oxide surface)
o	 Frequency 2.45 GHz	 o.
Cooling design to be compatible with
eventual conversion to cooling
with passive devices i. e. , cool-
ing without additional expenditure
of energy.
The breadkown of the mass of the space tube base line design
is g iven in terms of weight as
i
O
Anode
Anode Radiator
Cathode
Cathode Radiator
Magnet
Poles
Input and Output
Motor and Drive
Specific Weight
108 grams
1000
9
71
260
100
40
30
1618 grams	 3.56 lbs.
0.33 grams/watt
1.3.5 Suggested Three Phase Program for Development of mace
Tube	 --	 ^	 —	 —
The tube development with which this report is concerned
was considered to be the first of a three phase development to produce an amplitron
that will be tested in a vacuum environment and used in space. As such, the
design of the tube for the first phase must logically lead into and be adaptable
to the succeeding stages of development.
-The development content of the various stages as well as the 	 1
uses of the tubes produced by these stages is shown in Figure 1-24.
O
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PHASE it DEVELOPMENT
f	 PHASE '"DEVELOPMENT	 PHASE III DEVELOPMENTa Samarium Cobalt Magnet
o Basic Lroranat To Meet	 a Variable Magnetic Field	 Space Tube Design
I J	 Work S$btement	 With Control Loop
	 * Pyrolytic Graphite
{	 Objectives	 a High Temperature Oper-	 Radiators1J^	
s Waveguide Output 	 Cathode Anode And	 o No Vacuum:'Fnvelope
	
a	 a Vacuum Envelope 	 ^, Tests In Vacuum
a Vacuum Envefupei Environment
a Efficiency Optimization
i
USES	 USES	 USES
I . Achieve gross performance
	 l . Interface studies with cascade
	 T. Verify adequacy of design for
objectives.	 operation in conjunction with
	 space use.
1	 2. To identif) problem areas,
	
slotfed waveguide radiators.
	 2. Use in space tests.
3. Specify filter requirements.
	
2. To identify problem areas.
3. Use in ground te=t, demonstrations4. Use in ground test demonstrations:
	
of more r,a histication.
	
ti	 (a i-ligh overall dc--dc efficiency
Vii ` Space transmitter simulation. 	 4. Use in space tests of more
5. Use in space tests by puncturing	 sophistication.
vacuum envelope.
Figure 1--24. Proposed phased developme;_it of Amplit-pn
 for
SPS application.	 -.
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2. 2 Critical Issues on the Development Program for the QKS1875{
There were four issues that were judged to be most critical with
respect to meeting the objectives of the technology development. These critical
issues are listed below and will be discussed in this section.
i	 !
2. 2, 1	 The design of the input and output and the associated method
of impedance matching to the slow wave circuit.
5
2. Z. 2	 Magnetic Field Symmetry
L
2. Z.3
	
	
An adequate test facility for noise measurements and efficiency
measurements.
Z 2.4	 A cost-effective design for construction, repair, and for
obtaining a broad range of test data.
2. 2. 1	 The Design of the Input and Output and the Associated Method_
of Impedance Matching to the Slow Wave Circuit.
d conduct the heat from the vane ti. ^	 The nee to c	 s where mostP
I
	
	
of it is generated to the back wall of the tube and then into a symmetrical radiator
has necessitated (1) the use of a solid vane design in a construction format similar
i
	
	
to that used in most magnetrons (2) the connection of the input and output trans-
mission lines to the top of the vanes to obtain a suitably massive structure for
low rf losses and for good heat conduction.
The approach to meeting these requirements is shown in
	 (,
Figure 2-1, The vane and strap configuration shown there is common to magnet-
rons but unique to amplitrons. The connection of the input and output to the slow
wave structure is believed to be a unique form of coupling to either magnetrons
or amplitrons. It was arrived at after several other approaches had been triedj
	
	 and found to be- unsatisfactory. The design shown in Figure 2-1 has many
desirable features including massiveness and a broad band matching capability
but it is possible that it may be contributory to the poor field patterns that are
believed to be associated with the poor gain of the tube and the lower efficier. cy
than expected. More effort in investigating the relationship between the two
is necessary. This subject is discussed in greater detail in Section 2. 7. !
The coupling of the output circuit to the slow wave circuit
is in the form of a balanced coupling. This makes it possible to obtain a much
higher value of resistance when looking into the slow wave circuit and eliminates
the high value of series inductance that occurs with an unbalanced coupling to
the top of one vane. With the unbalanced coupling to the top of the vane there is
always a high ratio of inductive reactance to resistance when looking into the
	
f	 tube from the outside. This high ratio makes it difficult to obtain a broad band
	 i
	
k'	 match.ff
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Figure 2-1. C;onstrt.ction arrangement for an adequate electrical, mechanical, and thermal contact of
the input and output transmission lines  to the slow wave circuit of the QKS1875 Amplitron. Arrangement
permits uninterrupted heat flow from the vane tips to the circular heat radiator around the tube as well
as providing good conduction cooling of the input and output transmission lines and minimization of the
skin lasses because of the large surface areas involved. "Balanced coupling" arrangement also allows
broad band matching between input and output and slow wave network.
Although the coupling of the structures at the top of the vanes
is a balanced coupling, the power in the QKS1875 must flow outward to an external
load through a coaxial line which is an unbalanced structure. This would normally
call for some kind of a balun structure so that the connection to the vanes is
truly electrically balanced with respect to ground potential which is taken to be
the surface at the vane roots. A balun is normally accomplished at microwave
frequencies with the use of a quarter wave choke, but it was not done in theQKS1875 design because of the mechanical complexity of integrating it into
vacuum envelope. This would not be the situation in the space tube. It was,
however, possible to make cold tests employing such chokes and they seemed
to make little difference either in the match obtained or in the field patterns in
the interaction area.
Tf,,. _^ arrangement shown in Figure 2- l does not eliminate all
reactive component because of Lhe inductance represented by the back of the
cavities formed by the vanes and the back wall. However this residual inductive
reactance is about equal in magnitude to the resistive component and is relatively
easy to match out over an acceptable range of frequencies.
These values of impedance or admittance at the point of con-
tact at the top of the vanes cannot be obtained by direct measurements. To
make proper measurements in the direction of the slow wave network, the slow
wave network would need to be terminated in its own characteristic impedance
to permit such measurements. Looking in the direction of the output there is
the difficulty of coupling into a balanced network for measurement purposes.
Nor is it practical to make a computation of the impedance because of the
difficulty of electrically modeling the complex geometries involved.
It was possible, however, to build a special impedance trans-
former whose parameters could be electrically modelled and then proceed to
trim the transformer until a good match was obtained to the internal structure
by taking a succession of "Weissfloch" or "S-curve" measurements. (29, 30) Then
the output impedance was calculated by using the electrical model. From the
good match that was obtained, it was then assumed that the impedance or
admittance looking into the tube at the point of connection of the impedance trans-
former was the conjugate impedance or admittance.
This procedure, logic,and the results are indicated in Figure
2-2. It is of interest that the inductive susceptance booking into the slow wave
structure at the tops of the vanes is very close to the computed value of the
susceptance of the cavity formed by the portion of the vanes between the point
of attachment and the back wall. However, it should not be inferred that the
conductance part of the admittance is the characteristic admittance of the slow
wave network, but rather the admittance of the network as transformed by the
geometry between the point of attachment and the straps from which the charac-
teristic admittance of the network is usually viewed.
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CONNECTION AT TOP
OF VANES
50 OHM
	
IMPEDANCE	 IMPEDANCE	 AMPLiTRONEXTERNAL
	 MATCH ING	 SLOW—WAVE
LOAD	 NETWORK	 NETWORK	 CIRCUIT
	
Y = 0.028 + J 0.0223 	 Y= 0.028 — J 0.0223(COMPUTED FROM
	 (INFERRED FROM GOOD MATCH)
GEOMETRY)
	
`	 I
-J 44.8	 35 	 35 4 ,	 J 44.8
{
1
assosa
Figure 2-2. Measurement procedure for indirectly arriving at the input
admittance to the internal st y -ucture at the point of connection
of the input and output conductors to the top of the vanes as
shown in Figure 2--1.
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An expression for the computed value of the mid-series
characteristic impedance of the slow wave structure is given in Section 2.4.
At 2450 MHz the impedance is 73 ohms for the 0.400 in. long anode and 77 ohms
for the 0. 700 in. long anode. The higher impedance for the longer anode results
from the fact that the lower cutoff frequency is at 2250 MHz rather than 2150 MHz.
The characteristic impedance is a sensitive function of the ratio of 2450 MHz
to the lower cutoff frequency as shown in Section 2. 5.
It should be pointed out that the .special termination that was
used for the admittance calculations given in Figure 2-2 could not be used in the
mechanical design of the tube because of its 90 degree orientation to the vanes
which made it occupy much of the same space that would be normally occupied
by the pole pieces.
A good match may be obtained to the slow wave network with
the arrangement fhown in Figure 2-1. The match that was obtained for the
QKS1875D design .s shown in Figure 2-3. The amount of power reflected in the
2400 to 2500 MHz region is seen to be less than 2%.
The match data shown in Figure 2-3 was obtained from
Weissfloch or S-curve data (29, 30). The outboard end of the impedance matching
section of the output connection was attached to  50 ohm transmission line with
a moveable probe standing wave detector to obtain the Weissfloch data.
In conclusion, it is pointed out that the mechanically complex
impedance matching network shown in. Figure 2-1 was arrived at only after the
investment of considerable effort on other approaches that did not yield satis-
factory results. The present arrangement has these desirable and undesirable
features.
Desirable Features :
o	 Both the center conductor and outer conductor are very
rugged and capable of handling the microwave power levels
anticipated for them.
0 The balanced coupling raises the ratio of conductance to
susceptance at the point of connection to the level where
a relatively broadband match can be made.
e	 The connection is such that the output and input trans-
mission lines avoid both the magnetic circuit for the tube
and the heat conduction circuit from the vane tips to
the external heat radiator. .
®	 The geometry is such that the capacitative susceptance
that is needed for the match is obtained without excessively
close spacing. The closest spacing is about one milli-
meter.
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#	 Figure 2 - 3. (a) Match of 50 ohm input and output transmission lines to slow wave structure as
?
	
	
provided by Weissfl.och measurement techniques, and (b) input standing wave ratio
of tube with coaxial- - to-waveguide fittings attached as shown in Figure 2-13. Wave-
guide of output transition is matched into broadband waveguia ,^ termination..
ai
Undesirable features
I
•	 It is difficult to obtain an adequate equivalent circuit
because of the involvement of two cavities rather than one. i
s In its present form, the coupling and the impedance match-
'	 ing format may be contributory to the poor field pattern
in the tube.
2.2.2	 Magnetic Field Symmetry
It is highly desirable to have magnetic field symmetry in a
crossed field device because dissymmetry may be associated with less than
ideal efficiency and perhaps with noise as well. It is known that a "C" shaped
magnet introduces considerable circumferential dissymmetry into the magnetic
field while an "E" shaped magnet .greatly reduces such distortion. However,
even an "E" shaped magnet produces some circumferential dissymmetry,	 i
For the space tube design a completely symmetrical field
may be provided by a symmetrical permanent magnet. However, in the first
phase development with which we are now concerned it was desired to have a
magnetic field provided with an electromagnet in order to be able to continuously 	 i
vary the magnetic field.
In the development of crossed field tubes the electromagnet is
almost always of the "C" shape or "E" shape. Therefore the provision of a means
to apply a circumferentially symmetrical field with an electromagnet became an
initial issue in both the testing equipment and the design of the tube. The problem
was solved by using a large torroidal type electromagnet that is commonly used
for the 8684 25kw cw magnetron at 915 MHz to supply the magnetomotive force
and the use of both external pole pieces and internal pole pieces designed so that
the field in the interaction area would be both circumferentially and axially
symmetrical.
The first design of the complete magnetic circuit including
internal pole pieces is shown in Figure 2-4. The geometry of this arrangement
allows the use of imput and output pipes that are joined to the tube with 45 degree
angle and this angle greatly simplifies the mechanical design of the impedance
matching network. However, the magnetic circuit did not provide an axially
symmetrical field, and the departure from it was felt to be sufficiently signif-
icant to redesign the magnetic circuit.
The redesigned magnetic circuit is shown in Figure 2-5. In
order for the tube design to be compatible with placing the interaction area of
the tube in the center of the solenoid it was necessary to bring the input and
output pipe connections into the tube at a considerably steeper angle. The external
pole piece design shown in Figure 2-5 is the one that has been used in all of our 	 s
test activity. There has been some slight modification of the internal pole piece
design from that shown in the figure. F igure Z-b shows a plot of the lines of
magnetic force for the geomitry of 2-5a. The plot was obtained b y means of the
special computer program for magnetic circuits.
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Figure 2-4. Original magnetic circuit indicating the portions internal to the
tube and the portions external to the tube. Magnetomotive force
is provided by a solenoid with a 5 inch inner diameter. Measure-
ments of magnetic field indicated a substantial amount of axial
.y
1 ^
k
i°
REVISED MAGNETIC CIRCUIT
imrrawiAI oni i: wr-rr-	 FZ^:^T DETAILS OF MAGNETIC
t4,
F . Z
Figure 2-5a. Revised magnetic circuit indicating the portions internal to the
	
6
tube and the portions external to the tube. Axial symmetry of
magnetic field in interaction area is excellent in this design.
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Figure 2-5b. Plot of magnetic flux lines and equipotential su rfaces for themagnetic circuit geometry as sociated with the so lenoid typeelectromagnet used for testing the Amplitron designs QKS1875A-	 and B. Internalole
different. V	 p	 piece geometry for QKS1875 and C were
ertical axis of the tune is at the left hand marginof the plot. The internal u pper pole piece is shown in lowerleft hand c o rner. The plot was obtained with the use of a spe-cial computer program for simulating 
magnetic flux plots.
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The design shown in Figure 2-5 provides a linear relation-
ship between 0e magnetic fInx measured at the center of the gap and the current
input to the coil as shown in Figure 2-6. This linearity relationship extends
to values of flux density well above those expected to be used, and provides
confidence that no distortion is introduced into the magnetic field by saturation
effects as the magnetomotive force is increased. 	 o
The electromagnet with the QKS1875 Amplitron inserted is
shown in Figure 2-15 in Sectio.- 2.3.4.
i2.2.3	 An Adequate Test Facility for Noise and Efficien cy
Measur erhents	 0
Q
Noise and efficiency measurements were to be of primary
interest and importance for the reasons outlined in Sections I. 2.2, and Z. 5. 2
How to make these measurements was a critical issue. Noise, in particular,
application is r0andom noise outside of a guard band around the carrier. The
demands an exacting test facility. The noise of greatest importance in the SPS
	
i
measuring equipment should be sensitive enough to measure the noise power in
any one MHz bandwidth at a level 100 dB below the carrier.
i	 tNoise measurements of this sensitivity on an Amplitron are
particularly difficult because of the severe requirements placed on the driver.	
I^It has to supply a drive level of as much as two kilowatts while having a signal
to noise level of 100 dB or more. Usually these requirements would require a 	 1
large investment in a tube and power supply. Fortunately it had been discovered
earlier that an ordinary microwave oven magnetron, makes an excellent clean
signal source, providing t-he tube is operated on a well filtered DC power supply
and the heater is turned ofd: Over a period of time considerable data has been
taken on microwave oven magnetrons and nearly all such tubes made by several 	
I ^different manufacturers are very quiet when operated ir. this manner. The 	 i
magnetron can also be frequency tuned over an adequate amount for this application
by varying the reactive component of the microwave load. 	
i'
The driver set up, provided by Raytheon Company and
illustrated in Figure 2-7 was originally test equipment for testing microwave oven
magnetrons with a DC power supply over a very broad range of magnetic- field,
input power level, and load.
The entire test arrangement is shown in Figure 2-8 with
a number of the important elements in the set up called out in the caption.
Figure 2.- 9 is a schematic of the test facilility. The test facility together with
spectrum analyzer and network analyzer has the capability to make the following
measurements.
Phase shift across the Amplitron as a function of various	 F:
input parameters.
0
M a	 t f	 dd	 t he suremen s o ran om noise remove rorn. e carrier
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Figure 2-6. Plot of on-axis magnetic field as a function of current in
solenoid For the geome`t47 shown. in Figure 2-5a.,
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Figure 2-7. Microwave drive source for testing the Amplitron featuring a power level of up to two
kilowatts and a ver y
 low noise level. The microwave oven tube is operated with no
filament power and w; I
-h a well filtered DC power supply. The tube is supplied with
a circumferentially symmetrical magnetic field by means of solenoid magnet. The tube
is fitted with a water cooling jacket.
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Figure 2-8.	 Assembly of test equipment for development and test of QKS1875
space amplitron. Starting at the right side of the picture: 01 fre-
quency swept microwave generator and 10 watt TWT amplifier
for locking the frequency of the magnetron © low-noise magnetron
power source with special feature of water cooled anode and sole-
noid magnetic field to permit operation at the two kilowatt drive
level 'D ferrite circulator to permit operation of magnetron as
directional amplifier ® three kilowatt DC power supply for
magnetron (3) magnet power supplies for magnetron and amplitron
© special solenoid electromagnet for amplitron shown with
amplitron in position (2) cabinet for housing amplitron under test
® computer for automatically computing efficiency and other
parameters from data collected by sensors a DC 15 kilowatt,
20 kilovolt current and voltage regulated power supply for Ampli-
tron1	 HPA spectrum analyzer for out of band noise observa-
tions 1	 HPA microwave network analyzer for cold test and hot
test and hot test phase measurements.
59
DC	 HP	 10 WATT	 3	 DRY	 POWER	 POW
	POWER	 FREQUENCY	 TWT
	
PORT	 LOAD	 METER	 METER
	
SUPPLY	 SWEEPER.	 AMPLIFIER	 -'\CIRCULATOr
MICROWAVE
	 MATCHING	 FREQUENCY	 ^"' 3	 ~	 DIRECTIONAL	 VSWR	 "DIRECTIONAL AMPLITRON
	
OVEN	 ATCHISECT ION	 PULLING	 PORT	 COUPLER	 MOVEABLE	 COUPLET;	 A
	MAGNETRONS CTION	 CIRCULATOR	 PROBE
	
MAGNET
	
MAGNET
SOLENOID	 POWERSUPPLY
SECTION	 POWER	 POWER	 NETWORK
{- WAVEGUIDE	 METER	 METER	 ANALYZER
i	 #
QK I875A	 AMPLITRON	 DIRECTIONAL	 MOVEABLE	 THATCHING	 WATER
COUPLER	 REFLECTION	 SECTION
	 PROBE	 PROSE	 LOAD
PRECISION	 REG. POWER	 PRECISION	 HP	 NOTCH
	
VOLTAGE	 SUPPLY	 CURRENT	 SPECTRUM	 FILTER
	
DIVIDER	 20 KV .750 mA	 RESISTOR	 ANALYZER p 	 I
1^i
Sensitivity of noise measurements is greater than 100 dB/
MHz below the carrier level with the insertion of a notch
filter at the carrier frequency to extend the dynamic range
of the spectrum analyzer.
M Measurements of operating voltage level, microwave
power output and efficiency as a function of magnetic
field, microwave-power drive level, DC input level,
and load impedance.
Nearly all of the equipment to make these measurements was
supplied by Raytheon Company. Contributions to the test equipment include the
low noise magnetron drive unit, magnetrons for that unit, the regulated DC power
supply for the Amplitron, the solenoid and power supply for the magnetic field
for the Amplitron, miscellaneous power meter, water loads, filters, and ferrite
circulators, voltage dividers, and the HPA spectrum analyzer with 8555A, 8552B,
8445B components and HPA network analyzer with 8410B, 8620A, 8418A, 8743
components.
The test facility was also provided with a Tektronix 31 and
Tektronix 153 computer and scanner which had the capability of successively
scanning a number of sensors and making efficiency or other measurements and
recording the results. The system was tested out on the magnetron test unit and
was found to work quite . satisfactorily. It was not used on checking the amplitrons
that were constructed under the work effort, primarily because the testing had
not advanced to the stage where sophisticated handling of data was considered
essential.
A novel, sensitive, and accurate arrangement for measuring
the efficiency and inefficiencies of the Amplitron was investigated. Also in-
vestigated was a method to add up all of the losses in the power sinks, including
the microwave power output, and comparing it with the DC power coming from
the power supply, thus providing a balance sheet method for helping insure the
accuracy of measurements and checking on calibration of measuring equipment.
Again this arrangement was not used on the Amplitron because the testing had
not advanced to the stage where the additional effort involved in activating the
proposed systern seemed justified.
2. 2.4
	 A Cost Effective Design for Construction, Repair, and for
Obtaining a Broad Range of Test Data
A very critical issue at the start of the work effort was the
mechanical design of the tube. The electrical design of the slow wave structure
had already been decided upon and an anode had been constructed and even some
cold test data obtained before the start of the work effort. It was also known
that the tube was to have a conventional vacuum envelope around it, that the
anode and cathode were to be water cooled, and that it would be highly desirable
to have the pole piece structure electrically isolated for DC potential so that
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leakage current from the interaction area could be monitored and to some degree
controlled for investigative reasons, by applying potential to the pole pieces.
However, there hadbeen no decision on what the overall mechanical design would
look like.
It Wat realized that the tube should be designed for easy repair
and so that quick changes in design could be made in response to test data. This
consideration dictated a building-block type of construction with the blocks held
together with a type of bond that was secure, yet which could be easily broken
and then remade if occasion demanded.
Also of prime consideration was the cost of the construction
of the tubes since the effort had a very modest funding support level: This
consideration led in the direction of adapting the design to the use of parts and
subassemblies associated wiUh production type electron tubes.
It was futher desired that the resulting design could either be
used directly or easily modified for various system tests or demonstration. of
SPS transmitter capability. The design should therefore be reasonably rugged,
capable of being packaged with a permanent magnet, and be reasonably econom-
ical to construct in limited numbers as well as in larger quantities.
The design that came out of these various consideration is
discussed in the next section.
2.3 The Baseline Mechanical Design for the QKS1875 ; the QKS1875A
2.3.1	 Introduction
This section will be devoted to the first design of the QKS1875.
Subsequent modifications of the design are discussed in Section 2.6 . However,
none of the modifications substantially alter the external appearance of the tube
or the methods of fabrication. The modifications have been easily accommodated
because of the building block like construction of the tube.
It should be restated that many of the broader aspects of the
electrical and mechanical design had already L—cen established by the previous
design offort on the space tube by George MacMaster and Kenneth Dudley of
Raytheon Company. Further, they had made a detailed design of the slow wave
structure. This design had been constructed and some cold test data had already
been taken prior to this work effort. These were obviously strong inputs into
the initial design effort, even though the tapered-vane and center-strapped slow
wave circuit design was not used in the final design because of its suspected
vulnerability to fabrication problems, an observation that occurred during cold-
tes ting.
f
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2.3.2	 The Tube Design
A cross section of the design of the tube is shown in Figure
2-10, while Figure 2-11 shows the appearance of the finished tube. The design
of the tube is considered to be a proper response to the following questions:
1. Does the design take the space tube sufficiently into
consideration and does it represent a logical step in its
development?
2. Does the design permit an adjustment of a large number
of input parameters which may impact the efficiency and
signal-to-noise ratio?
3. Is the design consistent with the limited amount of effort
and funds available for the tube construction phase of the
development?
4. Can the tube be easily taken apart, modifications made
and then reassembled to reduce the amount of time and
expense required when design modifications are indicated
to be desirable.
5. Will the res , .Sing tube be in a format to permit its
immediate application to terrestrial system use or to
limited evaluaki.on in space.
The resulting mechanical design as shown in Figure 2-10 and
2-11 has the features and characteristics which are tabulated below in some detail
as an aid in understanding the evolution of the design.
1, The slow wave structure is a mechanically straightforward
assembly of constant-thickness vanes and end straps.
This construction is an electrically and mechanically
proven structure. The constant thickness vanes results
in an increase of 35% in the thermal resistance over that
of the variable thickness vanes used in the first cold test
model of the tube; however, the circuit efficiency is
better and thus is a compensating element. In the unlikely
occurrence that 10 %0 of the input power is dissipated in
anode bombardment and that one vane will have twice the
average bombardment, the temperature rise `hat vane
would be 113..°C if the tube is operating at Ono six kilowatt
output level,
2. The internal pole pieces are at cathode potential and
serve as end shields. There should be no current flow
to them. This zero current flow to the pole faces in the
space tube is an essential requirement because of the
difficulty of getting rid of any heat which would result from
this current flow.
f	
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Figure Z-IOa. Cross section of the QKS1875 baseline design showing cathode, slow-wave circuit,
internal magnetic circuit, connection of the output transmission line and water
cooling jacket. Figure is 0.85 of actual size.
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s	 Figure 2-10b. Scaled drawings of QKS1875 showing (1) longitudinal cross section (2) cross section
-;	 U"	 of slow wave network, and (3) external top viewi
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Figure 2-11. QKS1875 Amplitron as sealed off after exhaust. The input and output microwave
ports are at the right of the photograph. The cathode terminal and ceramic in-
sulating bushing is at the lower left. The ceramic bushing supporting the internal
pole piece is at the center of the picture. The exhaust port is at the top of the
picture.
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3. Because the pole pieces are at cathode potential there is
no need to have a clearance between the inner diameter
of the pole piece and the diameter of the cathode support.
Thus convex barreling of the magnetic field in the inter-
action area may be accomplished more easily. Further,
there is a much larger cross sectional area of the cathode
support for carrying heat away from the cathode in the
space tube, or, in the present tube development, for
allowing magnetic field modification by insertion of mag-
netically permeable material inside of the cathode.
4. The design is a double ended structure with isolated tail
pole piece which permits (1) the monitoring of electron
drift to the pole pieces as a function of potential deviation
from that of the cathode, (2) the monitoring of efficiency
and noise level as a function of the same potential deviation,
and (3) the monitoring of the current flow from any beta
emitter which may be placed on the pole face to investigate
its role in initiating cathode current flow.
5. A hollow secondary emitting cathode which (1) permits
the introduction of cooling water to monitor the amount
of back bombardment, and (2) permits some modification
of the configuration of the magnetic field while the tube
is being tested to examine the impact of magnetic field
trimming upon efficiency, noise level., and leakage of
current from the interaction area.
b. Rugged but simply constructed input and output pipes needed
for handling high CW power levels with low loss; with an
option to cool the center conductor if that should be found
desirable for any reason. The input and output pipes also
represent the coaxial portion of a coax- to-waveguide
transition.
7. Geometric and electrical symmetry of the input and output
pipes and their connection to the syn=etrically slow wave
construction to provide an option to reverse the magnetic
field and the direction of directional gain in the tube.
8. An assembly which will hold the cathode and the pole
pieces precisely centered with respect to the anode bore,
thus assuring that the cathode-to--anode spacing will be
held precisely and that the magnetic field will be symmetrical.
The key to this is the ceramic pole-piece support whose
center hole is jigged concentric to the anode bore during
the assembly. This center hole then engages a shoulder
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on the pole piece which is held concentric to the center
hole of the pole piece which engages the outside diameter
of the cathode support. It is . expected that all of the
tolerances which are involved in centering the cathode
will add to no more than five thousandths of an inch.
9. An assembly in which the separation between pole faces
and the anode is kept to precis-- tolerances by means of
the ceramic pole support. Any tolerances in the axial
dimensions of parts and assemblies is cancelled out by
positioning the pole piece on the ceramic before heliarc
welding the pole piece support into position. The precise
axial positioning of the pole faces will provide an axially
symmetric magnetic field which will encourage symmetrical
behavior of the space charge at opposite ends of the inter-
action area. The assurance of the proper spacing will also
minimize the possibility of arcing between pole piece and
the anode.
10. The pole piece centering and positioning ceramic in this
tube may well become the only needed support for the pole
pieces and the cathode assembly in the space tube.
11. The cathode pole-piece assembly and tail pole-piece	 !'
assembly may be easily removed from the tube for inspec-
tion by breaking the heliarc weld. A repaired, new, or
different assembly may then be reinserted and welded
without destroying the rest of the tube. One of the more
interesting aspects of this procedure is that the details	 I
of the magnetic field may be changed by replacing the
internal pole pieces of the tube. 	 j..j
2.3.3	 Comparison of the Tube Design With the Ultimate Space Tube
With Respect to the Arrangement of Input and Output Pipes
Figure Z-12 in context with Figure 2-11 will help to clarify
the differences between the output and input terminations of the space tube and
the tube that was constructed. . The model whose photograph is indentified as
Figure 2 -12 was constructed with Raytheon exhibition funds for an AIAA Con- 	 j
ference in Washington D.C. and shows how the space tube looks and interfaces
with a section of the radiating antenna. A section of the heat radiating fin is cut
away to expose the interface between the input and output and the radiating slotted
waveguide. The model of Figure 2-1Z shows the input and output connected to a 	 i
slotted waveguide for direct radiation into space. This is one of the interface
options between the tube and the transmitting antenna. However, the geometry
of the interface with the waveguide would be the same as that required in Figure
1-4 in which there is an intermediate section of feed waveguide between the tube
and the slotted waveguide array.
	 .^
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Figure 2-1z. Mechanical mockup showing integration of proposed space Amplitron into the slotted
^	 waveguide radiator. The same general arrangement applies to the packaging concept
of Figure 1-4 but the waveguide shown in the above figure becomes the feed waveguide
for the slotted waveguide array of Figure 1-4.
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The space tube requires that the plane of the anode be parallel
to the plane of the waveguide in order that a cooling radiator may°be attached to
the tube and efficiently radiate. 	 In order that the input pipe not interfere with the
attachment .of this radiator they are brought out of the structure at an angle; they
are not brought straight down because of a probable interference with the per-
manent magnet design and the arrangements that will have to be made in a sub-
sequent development phase to vary the magnetic field intensity. Jn order to meet 3
the requirement of parallelism between the anode radiator plane and the wave-
!'°guide plane .a bend has to be made in the output and input pipe in the space tube.
However, this bend is not required in the first phase of the tube development
and its incorporation would represent a considerable increase in the mechanical 7
complexity and cost of the tube.
2.3.4
	
Pictorial Description of the Assembly of the .Tube to the
- RL2tTnand Output Waveguide Transitions
Figures 2-13, 2-14, and 2-15 show how the finished QKS1875
is fitted into the coax to waveguide transitions. 	 The type of transition used is
a doorknob transition.	 A more conventional transition would have been the probe
type in which the tip of the antenna would have been enclosed in a ceramic dome. F
However,, this c -•nstruction would have cancelled the option of being able to corl
the center conductor.',
The methods of joining the QKS1875 outputs to the waveguide
transition are critical enough tQ rnerit some discussion.
	 In the initial procedure r`_
the trip of the output was firmly seated in the doorknob by means of a clamping
arrangement while the inboard side of the output was firmly attached to the other
'side of the waveguide by a tapered sleeve clamping arrangement.
	
Thus both sides
were firmly secured so that if there was differential expansion between the
QKS1875 output and the waveguide the ceramic and the ceramic-to-metal seal
would be put under tension or compression.
	
This arrangement was later modified
by fitting the outboard end of the output to the doorknob by means of a spring sleeve
which eliminated the differential expansion problem if there were to be one.
Thus a photograph taken of the current procedure would be slightly different from 3.
that of Figure 2-14 which was taken of the earlier procedure.
	 The new photo- fgraph would show a spring sleeve extending up to and slightly over the edge of
the outboard ceramic to metal seal.
	 Another purpose of the sleeve was to en-
close the feather edge ceramic to metal seal and remove its vulnerability to
the concentration of high electric field lines.
Figure 2-15 shows the assembly of the tube, complete with
output transitions, into the solenoid electromagnet.
	 In this arrangement the
input and output of the tube can be reversed by rotating the tube within the solenoid
and then tipping the solenoid in the opposite direction to maintain the horizontal
orientation of the waveguide in the test set up.
i
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Figure 2-13. QKS1875 Amplitron with waveguide transitions attached. The coax to waveguide
transitions are of the "doorknob" type.
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Figure Z-14. Closup vie:: of coax to wd-.-cguide transition of QKS1875 Ampli^ on showing the "door-
knob" type transition. The small tube protruding at the right of the picture is a con-
nection to the center conductor of the coax line which permits optional insertion of liquid
cooling and instrumentation to within one inch of the connection of the center conductor
to the slow wave network.
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Figure 2--15. QKS1875 inserted into solenoid n;agnet ready
 for 	 positioning in
itest setup. Water cooling connection to cathode and its associated
t	 pole face is seen protruding from bottom of center of solenoid.
Other pole face may also be liquid or air cooled if desire
,,:. The
	
i	 solenoid magnet and tube assembly may be rotated around -.iagnet
support and raised or lowered for precision fitting to the test
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2.3..5	 Pictorial and Narrative Description of the Tube Assembly
The following material is intended to take the reader through
the general assembly procedure with a combination of pictorial and narrative
material.
a Anode Assembl
Figure 2-16 shows the anode or slow-wave circuit assembly,
The anode assembly consists of an outside anode cylinder,
vanes, and straps. The vanes are machined from copper
with the slots for the straps machined with a radius to
accommodate the curvature of the straps. The back wall
is slotted to accurately locate the vanes. A stainless
steel pin which is slotted accurately positions the tips of
vanes facing the cathode. The whole assembly is brazed
together with silver solder in a suitable atmosphere.
0 End Dome (Sometimes Called Cover) and Ceramic
Support Assembly
Figure 2-17 shows how the two support insulators are
fitted into the two end domes and center the pole piece
and also axially position it. The outer and inner diameters
of the ceramic support and their concentricity are held
to sufficiently tight tolerances to locate the pole-piece
and cathode accurately on center. The pole piece is not
assembled at this time but is shown in Figure 2-17 for
explanation purposes. There are no brazing operations
involved in this assembly. The figure also shows the
platinum clad cathode brazed to the pole piece.
Q^ Anode - End Dome Assembly
Figure 2-18 shows how the anode is pos itione d within the
cover over the ceramic support. There is no braze at
this time, but the figure shows how the deep groove in
the end dome and the anode form the bottom and inside
of the water jacket when the assembly is brazed later.
a Brazed Anode and End-Dome Assembly
Figure 2- 19
 shows the first brazed assembly. The top
ceramic support and end-dome that supports the two
output pipes are added to the previously discussed assembly
and then the whole assembly is brazed together. The
2athode is not a part of that assembly but is shown for
orientation purposes.
1	 1	 I  	 ! l .
r .	 Figure Z- 16,	 First Brazed slo^,ti • -wave structure assembly utilizing constantthickness vanes and end strapping.
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Figure 2-17. Assembly showing cathode cnd donee, ceramic spicier, cathode
s»pport pole piece, and water cooled, platimmi-clad, secondary
en-jitt ► ng cathode.
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Anode-End Dome Assembly-. Anode is p-.^sttioned over the ccranjLc spider support and
%,v ithin the -md dome.
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Figure 2-19.
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a Assermbly-of Input and Output Pipe to the Anode and
End Dome Assembly
Figure 2--20 shows how the input and output are assembled
to the tube.. The outer conductor of the coax line is as-
sembled to the outer conductor portion of the impedance
matching transformer that is shown in more detail in
Figure 2-1. This assembly is then inserted into the tube
and the two feet of the assembly secured to the tops of
the vanes with socket head cap screws. ( The electrical
bond is .a. brazed bond when the assembly is brazed)
Then the center conductor assembly is inserted into the
output pipe and its connection made to an anode vane by
means of a tongue and slot joint which is brazed together
when the whole assembly is brazed.
The exhaust pipe is then inserted, and the whole assembly
is then put through the brazing oven in a jig which 'a.ls o
supports a thin plate. The thin plate is brazed to the two
outputs and the exhaust pipe to provide mechanical
strength and support for the two output pipes.
The whole assembly as it comes out of the brazing oven
will then look like Figure 2-11 except for the cathode
and tail pole piece assemblies which are assembled to
the tube at a later stage. The center conductor of the
coaxial output has been left free to move inside of the
outer conductor during the brazing in order to accommodate
a rattier large differential expansion between the inner
and outer conductor assemblies.
• Final Assembly of Tube
The final assembly of the tube consists of four heliarc
welds. The cathode pole piece assembly is dropped
into the tube and its centering is self jigged by means of
the support ceramic shown in Figure 2 . 17. Then a
heliarc weld is made. Then the tail-pole piece assembly
is dropped into place and similarly positioned. It is then
banded to the rest of the tube by means of a heliarc weld.
Finally a heliare weld is made between protruding lips
on the center and outer conductor at the extreme outboard
end of the output and input pipes. See Figure 2-11.
The tube is then ready for exhaust.
2.4 Application of Crossed-Field Tube Electron Dynamics and Circuit
Theory to the Design of the QKS1875 Amplitron
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Figure 2-20. Assembly of input and output pipe to the anode and End Dome
Assembly.
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	2.4.1	 Introduction
This section consists of essentially three parts as follows
(1) Theory, design, and impedance and phase shift
properties of the slow wave circuit.
(2) Design of interaction area of tube to provide voltage,
current, magnetic field relationships as function of
number of space charge spokes.
(3) Superposition of slow wave structure parameters and
interaction area to define operating characteristics.
wo digram.
The impedance matching of the slow wave network to the input
and output transmission lines is treated as a separate subject in Section 2. 2. 1
because of its novel form which has been necessitated by cooling considerations
for the space tube.
	
2.4.2	 Theory, Design, and impeda rce and Phase Shift P roperties
of the Slow Wave Circuit.
The slow wave circuit which has been used for the QKS1875
Amplitron design is a vane and strap design configuration. The circuit equivalent
which has been found to well represent the network behavior in the frequency
region of interest is sixteen two terminal pair networks which are connected
in cascade. 'There is a sever between the input and outplit of the network with
very low coupling from input to output across this sever.
Each two terminal pair network appears as shown in Figures
2-21 a and . b, in which b defines the nature of the generalized impedances in
Figure a. In Figure 2-21b L is the strap inductance, C is the strap capacity,
and Z is the input impedance sof the cavity formed by the 6o vanes brazed to
the backwall as seen from the point where the straps are brazed to the vanes.
The two terminal-pair network defined by Figure 2-21b has
the properties of a low pass filter. The theoretical phase shift is given by the
following expression:
_1	 ZI1
B = cos	 Z l2
L2
-1	 1 +	 s	 1 -
	 2	 (^)cos	 2L	 c
in which the impedance Z of Figure 2- 2Ib has been replaced by a parallel
inductance L and a capacitance C, a reasonable approximation in the phase
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Figure 2-21. Schematic of the impedance represention of the two--terminal
pair network which describes the propagating element in the
slow wave circuit of the QKS 1875.
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shift region of interest.
The phase shift properties of the slow wave circuit used in
the D design .version of the QKS1875, and of the slow wave circuit used in the
A, B, and C design version of the QKS1875 were experimentally measured. The
results for QKS1875 D are shown in Figure 2-22. The points of data were obtained
by coupling lightly to the anode circuit of 16 network sections, first with both
ends open, and then with one end shorted to pick up the even and odd integer
mulitiples of 90 0 phase shift over the 1,itath of 16 identical sections and then
noting the frequencies of the resonances.
From the experimental measurements of the lower cutoff
frequency, w , and the phase shift at one other value of w, the ratio of L /2L
of 0.0906 may be found to put into equation 2-4 to provide the "theoretic0l
phase shift curve shown on Figure 2-22. It is noted that the experimental data
and the theoretical curve track each other well over the region of interest.
The selection of the dimensions or the vanes and the straps
to obtain the values of Z , L , and C for the proper phase shift at 2450 GHz
is partly science and parctly art. We were able to achieve the desired phase
shift at 2450 MHz within acceptable limits with the first dimensional design
of both the 0.400 in. and 0. 700 in. long anodes used in the A, B, C, and D
designs of the QKS1875, respectively. For design purposes we computed Z
in Figure 2-21b by using Figure 2-11 and equation 29 in Section 2. 5 of Collins
"Microwave Magnetrons". (Reference 31)
For purposes of comparison the phase shift charateristics of
the short 0. 400 in. long anode is shown with that of the 0. 700 in. long anode in
	
Figure 2-23. The derived value of Ls	 for the 0. 400 in. long anode is 0. 062.
2L
The characteristic impedance of this network is also of
interest and this can be computed from theory if the ratio L /2L and L are
known. The expression for the mid--series characteristic impedance is:
Z o = wLs	 4L	 -1	 (5)
2	 L s	 2
_a_- it
If a value of 0.467x10 -9
 Henries i_s used for Ls 	 then_ at
2
2450 MHz the characteristic impedance is 73 ohms for the slow wave network
used in the A, B, and C, design versions and 77 ohms for the slow wave network
used in the D design version slow wave structures.
We have discussed briefly the design of the two anodes that
were assembled into tubes. Prior to starting this work effort, the Raytheon
Company had assembled an anode with tapered vanes and center strapping and
had performed some preliminary t,ssting that was very helpful in getting the
new work effort off to a fast start. This anode is shown in Figure 2-74 together
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Figure Z-22. (a) Total phase shift of sixteen sections of the network described in Figure 2-21 for the
D version (0. 700 in. long anode) of the QKS1875. Experimental points are shown as
small circles. Computed curve of phase shift is that given by equation (4) after it has
been fitted to experimental data by deriving a value of L s /2L from the data.
P; (b) Reentrant Space charge spokes "see" a phase shift for seventeen cavities rather
than s ixte en.
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Figure 2--23. Comparison of the phase shift properties of the 0.400 in. long and the 0. 700 in. long
:,low-wave structures utilized in QKS1875A, B. C and QKS1875D, respectively.
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Figure 2-24. Anode constructed according to earlier baseline de <ign. The
design is basically sound electrically and for outward flow of
heat from vane tips. High cost of construction and a question of
malting and inspecting for sound electrical contacts caused this
design to be set aside in favor of the design shown in Figure Z-16.
Note connections to input and output £or cold-test purposes —
how poor these connections are for the power and heat dissipa
requirements of the space tube.
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with a snatching method that is electrically sound but that is hopelessly incapable
of handling appreciable power levels.
Despite the apparent electrical soundness of the center-strapped
tapered-vane approach; a decision was made not to use this construction because
of the mechanical problem of getting the vane tips brazed together where they
°oined each other at the center of the anode. The critical nature of this from an
electrical point of view was discovered in cold testing the anode. The tapered vane
does conduct more heat than the non-tapered vane that was choosers and it is
probable that it should be considered along with other items at some future time.
The Amp3itron obeys the relationships between applied magnetic
field and operating voltage that have been established for the magnetron. (3 1) This
relationship is based upon the physical dimensions of the anode and cathode and
the number of space charge spokes that are established in the interaction area.
The voltage at which current is first initiated in the magnetron
(or Amplitron) is called the Hartree Voltage, V H . The Hartree Voltage is given
by:
VH =V 0 r B -1)
10
where B is the applied magnetic field in the interaction area and V a and B o are
constants defined as follows
(b)
2
V = 253, 000	 — -? -xa -	 volts	 (8)
o	 nx
}	 where:	 n = number of spokes of space charge
X = wavelen gth of operation in centimeters
rc = radius of cathode in centimeters
x_ = radius of anode in centimeters
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This diameters of the cathode and the anode In all QKS1875 1 s
constructed were 1. 270 cm. and 1. 992 cm., respectively. With these valuos
inserted the expressions become:
B	 21 20035,718 gauss
	 (9)
1- 0. 635 2na	 n
0.996
  ^
V o = 253, 000	 27; n0.996 2 _	 9. 898 x 210 6	 volts
(n X)
	
(10)
The tube was designed to operate in the backward wave 1800
mode so that the synchronism condition with this mode defines the number of
space charge spokes, n, to be 8. It is also possible for the tube to operate in
the forward wave mode by changing the direction of the magnetic field in which
case the number of spokes of space charge will be 9.
If we assume 8 spokes of space charge and a wavelength of
12. 24 cm (2,45 GHz), B is 364.9 gauss and V is 1031 volts. The relationship
between the predicted operating voltage V, anod magnetic field B is given by
equation (6). The corresponding curve on Figure 2-25 is marked "n=8, 2450 MHz,
B. W." If we assume 9 spokes of space charge, the relationship is as shown on
curve ma rke d "n= 9, 245 0 MHz, F. W. I'
As is shown on Figure 2-25 operation was obtained in both
the forward wave mode and ba ckward wave mode of interaction at the voltage
levels shown. This is discus 3ed in Section 2.5.4.
It mayy also be possible for the tube to operate with a phase
shift of the order of 540 around the circuit in either the forward wave or back-
ward wave mode. The frequencv here corresponds to about 4000 MHz as seen in
the phase shift characteristics shown in Figure 2-23. At a given value of applied
magnetic field the interaction will occur at much higher voltages. However, if
for some reason current flow were initiated at a high voltage, and there were
high impedance mismatches at the frequency_ corresponding to the 540° anode,
the tube could oscillate at this frequency.
The possible competition between forward and backward wave
modes of interaction at a given magnetic field and anode voltage is clarified by
means of the WP diagram as discussed in the next section.
2.4.4	 Superposition of Slow-Wave Structure and Interaction Area
Parameters to Define Operating Characteristics wQ Diagram
Figure 2-26 is the so-called wp diagram in which frequency
is plotted against phase shift per network section as seen by the synchronous
space charge spokes. The convention in plotting these diagrams is to show
backward wave interaction and forward wave interaction as a continuous curvejoining at the point of 180° phase shift per network section. Actually, backward
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Figure 2-25. Op:, rating potential V H as a function of applied «zagnetic field
for principal for%vard a.nd backward wave modes of interaction
in the QKS1875. The QKS1875C design exhibited both forwa-,d
'^vavti and backward wave interaction as shown by the experimental
data.
89
II
_.,..__...
r
'I
y
i.
i
540° MO E
(PHASE SHIFT
AROUND NETWORK
VOLTAGE FOR BACK-
WARD WAVE INTERACTION
FOR SYNCHRONOUSLY
REENTRANT 7 SPOKES
360° MODE
180°
MODE
n
MODE
N 2000
	 B KW D FORWARD
S	 AVE WAVE
uZ
u-t
C3
^-	 VOLTAGE FOR BACK-
WARD WAVE INTERACTION FOR
SYNCHRONOUSLY REENTRANT
8 SPOKES
VOLTAGE FOR FORWARD WAVE
INTERACTION FOR
SYNCHRONOUSLY REENTRANT 9
SPOKES
_SLOPES OF THESE LINES ARE PROPORTIONAL
TO APPLIED DC VOLTAGE
10
0	 20	 40 60	 80 100 120 140 160 180 200 220 241
3000
1000
Figure 2-26.
PHASE SHIFT PER NETWORK SECTION 	 {
AS SEEN BY SYNCHRONOUS SPACE CHARGE SPOKES 	 i{
969066	
}^
F -
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go
wave interaction should be associated with negative values of phase shift and
would be the mirror image to that shown in Figure 2-26 and would be. located on
the other side of the abscissae axis.
If the microwave. drive is inserted at a given port of the
Amplitron it will be. necessary to change the direction of magnetic field to go
from forward to bacicward wav,! amplif!cation or vice versa. However, the tube may
oscillate by itself without any microwave drive and under these circumstances
the tube itself will select forward or backward wave mode of interaction regardless
of an arbitrary definition of which is the input port of the device. There can
also be competition between self oscillation and operation as an amplifier in which
operation is locked to the frequency of the driver. The high impedance of the
circuit near the lower cutoff frequency of the network -nakes self oscillation near
that frequency of concerti, but oscillation is discouraged by the odd number of vanes
which requires that the space charge spokes suddenly shift their position to
remain in synchronism as they cross from output to input.
A further study of Figure 2-26 will make more clear the other
possible modes of interaction. For example, if tho magnetic field is in the
direction to provide 1)ackwzrd wave interaction with the drive signal set at
2.45 GHz then the applied voltage is also that required for forward wave inter
action at 2900 MHz. However, the reentrant space charge spokes will again be
out of phase, thus discouraging self oscillation at this frequency.
2. 5 Experimental Results and Test Data
2.5.1	 ,Introduction
The experimental results have been most encouraging in some
aspects and disappointing in others. Theyhave been very encouraging in the
indication of high signal to noise ratio and of course, one of the major purposes
in initiating the first phase of the multiphase prograin was to obtain such noise
measurements to help resolve an area of doubt about the signal to noise per-
formance of Amplitrons.
The experin-iontai results have been disappointing in the area
of overall efficiency where the maximum efficiency achieved has been only 70 1%.
And they have been most disappointing in the area of gain and operating power
level. The low efficiency is not all conclusive, however, because it is Imown
from other historical data that Amplitron efficiency can be well above 80 11"o as
discussed in Section 1.3.3. The observation of low train and relatively low upper
boundary on microwave power output was unexpected. The cause of this is believed
to be a combination of a short anode length and an unustial microwave field pattern
in the interaction area which allows the break up of the spoke of space charge as
it passes from the output of the device to the input of the device . This is discuss-
ed in considerable detail in Section 2.7. It is also probable that the field pattern
is the most serious reason for the low efficiency.
r^
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However, in those aspects of tube design which are essential
for obtaining the very high efficiencies eventually anticipated for the device, two
results were very encouraging. The first of these is the low insertion loss, or
alternatively, the very high circuit efficiency of the device which was measured
to be over 97°ja. The second of these is the very low leakage of space charge out
of the interaction area which means that the tribe should be capable of operating
at high efficiency at very low values of current. Indeed it was found that the
tube had essentially the same efficiency at very low power levels that it had at
the maximum power level to which it was pushed.
It was not possible to obtain cathode emission from a cold
cathode, at least in the proper made of interaction, with the injection of micro-
wave power alone. It is possible that this failure was caused by the poor field
pattern since other CW Amplitrons have been successfully started with micro-
wave drive levels considerably below those used with this tube. (See Section
1.3. 2) The major impact of this finding on the first design was to change the
direction of the tube design, first toward the use of a halo starting cathode which
had been used successfully with other tubes. When this change did not solve
the starting problem on the QKS1875 tube, the design was changed to utilize a
thermionic emitting cathode which did maize operation posslHe.
Because of the expenditure of much of the program effort
upon aspects leading up to the test portion and because of substantial changes
in tube design and construction in response to the test data on the first tube,
it was possible to obtain only a limited amount of test information.
All of the test information presented in this section was
obtained from the QKSI-875C design, with the exception of some of the circuit
efficiency information which was obtained on QKS1875D. QKS1875D was still
under evaluation at the end of the work effort. The QKS1875C design varied
from the baseline QKS1875A design in that it had a thermionic emitting tungsten
helix for a cathode, had conventional end shields in addition to cathode-potential
pole pieces, and a 0. 200 in. increase in the magnetic field gap in the tube.
Section 2. b deals with the various changes that were made
in the A, B, C and D designs and the reasons for them.
The discussion of the test results in this section is organized
as follows
2. 5. 2
	 Signal to Noise Ratio Measurements and Discussion of Results
	
2.5.3	 Operating Voltage and Microwave Power Output as .Function
of Input Current at a Fixed Magnetic Field.
2.5.4 Comparison of Experimentally Observed and Theoretically
Derived Relationships of Operating Voltage as a Function of
Magnetic Field.
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2. 5. 5	 Circuit Efficiency Measurements
2.5.6	 Maximum Overall Efficiency
2-5.7	 Gain and Operating Power Level
2. 5.2	 Signal to Noise Ratio Measurements and Discussion of Results
3	 '
i
2.5.2.1	 Introduction
In the judgment of many people the most important measure-
ment to be obtained on the QKS1875 Amplitron was the amount of random and 	 i
spurious noise outside of the 2400 - 2500 MHz band. There had been no his-
torical data on this kind of noise for CW Amplitrons. A small amount of data on
pulsed Arnplitrons indicated a moderate rather than a low level of noise but the
applicability of the data to the tube design needed for the SPS was questionable. (28)
There was other information, (22) on close-in signal-to-noise
	 E
ratio on a CW Amplitron in an oscillator format that indicated a very good signal
to noise ratio, but this was only suggestive that the c„,_o:-band noise would also
be low.
Because magnet cons and amplitrons are so closely related
in their energy; exchange mechanisms, it was logical to look to the history of
signal-to-noise performance on magnetrons for additional insight. But here
the observations were mixed. While CW magnetrons have been used successfully
for many years in CW radar where close-in noise is important, there was a
certain criticality of cathode processing that was objectionable and in any event
there was no data on out-of-hand noise levels. 	 3
More recently it has been discovered that the common micro-
wave oven magnetron, now manufactured by the millions and reputed throughout
the industry to be a noisy tube and manufactured with a costly addition of filters,
man be converted into an extremely quiet tube by the expedient of removing heater
power from the filament and operating the tube on a low-ripple DC power supply,
L-i many ways, this discovery was a breakthrough in indicating that the basic
interaction mechanism of the reentrant beam crossed field device was quiet and 	 I
that spurious noise in this example had probably been spurious emission of current
from the end shields of the cathode when it reached a critical temperature.
Z. 5. 2. 2	 Test Results
The performance that has been observed indicates a noise
power in a one megahertz band in the frequency .region of 1450 to 3450: MHz
that; is at least 69 dB below the power level of the carrier as observed in the
spectrum analyzer that was coupled to the output system through a loop in the
side wall of the output waveguide. Measurements of higher ratios were prevented
by the dynamic range of the analyzer.
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The measurements that were made are shown in Figure 2-27.
The bottom photograph, which shows the noise level over a band from 1450 to 3450
GHz, is the one of greatest interest in the SPS application. The carrier level
is 70 dB above the peak of the residual noise level of the analyzer. After taking
into consideration the rms value of the residual noise (taken to be 9 dB below the
peak noise), and the 100 1 Hz bandwidth of the I. P. used in taking the data, the
ratio of signal to noise for any one megahertz in the 1450 to 3450 MHz band is
69 dB.
The canter photograph of Figure 2-27, taken without signal
input to the analyzer, indicates that the residual noise level in the bottom photo-
graph is caused by the analyzer noise level.
The top photograph in Figure 2•-27 gives a rough indication that
the close-in noise level is also low. If close-in noise were strong it would be
observed on the skirts of the carrier near the base line. The fact that the carrier
response disappears cleanly into the residual noise of the spectrum analyzer
indicates low close-in noise.
2.5. 2.3	 Discussion of Test Results
The results that have been obtained on signal to noise ratio
are very encouraging but more noise measurements need to be made with a highQ "notch' s
 filter centered at the carrier frequency to allow the insertion of a
signal level approximately 50 dB above that now permitted by the dynamic range
of the analyzer. Measurements of this type which were made on the microwave
Oven magnetron run without any power on the filament (other than backbombard-
ment power), have indicated signal to noise ratios as high as 115 dB per MHz
of random Noise outside of the 100 MHz guard band. As shown in Figure 2-28
this level of random noise, assuming the radiated noise from the satellite is
spread over a hemisphere is 55 dB bette2 than would be required to meet the
current CCZR requirement of 154 dbw/M /4 KHz. Since the Amplitron and
magnetron employ the same energy conversion principle, there is reason to
believe that the actual signal to noise ratio of the Amplitron is in the same region.
Meanwhile the 69 dB/MHz signal-to-noise ratio marginally meets the CCIR
requirements under the same assumption of hemispherical radiation.
While the energy exchange mechanism in the magnetron and
amplitron are essentially the same, there are different circuit arrangements
which may make them behave differently with respect to noise that is close to
the carrier, with the prognosis in favor of the Amplitron. The magnetron has a
reentrant circuit which allows noise energy close to the carrier frequency to
propagate around the circuit and be reinforced by interaction with the electron
beam. A well-matched Amplitron circuit, on the other hand, forces any noise
energy on the circuit to be aib^4 k,rbed in the output or input. The'1stabilotron"
device (37) which is an osillator version of the Amplitron ta pes advantage of
this failure to buildup noise oscillations under well matched conditions by
IL
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"Near-in" spectrum of QKS 1875 No. 3
Ampl i tron . Total sweep is 2447 MHz
5 MHz. I. F. BW =100 KHz. Peak of
carrier is 75 dB above base line.
Residual Noise level of HP Spectrum Analyzer
over 1450 to 4450 MHz sweep. I. F. BW =
100 KHz.
)utput of QKS 1875 No. 3 Ampl itron over
and of 1450 to 4450 MHz. The carrier is
5 dB above the base line. Only noise
isible is residual noise of spectrum analyzer.
.F. BW = 100 KHz.
CW power output - 1017 watts
CW power added - 540 watts
Efficiency CW power ad ded = 63.9%
DC. power in
A CW magnetron is the driver
Figure 2-27. Noise measured in the
QKS1875C Amplitron.
Limitation on measure-
ment of noise level was
thf. residual noise level
of the spectrum analyzer.
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t"	 Figure 2-28. Relative levels of noise requirements and behavior of selected microwave generatorsin the SPS system. The microwave oven magnetron has exhibited very low levels of
noise. The QKS1875 Amplitron noise measurements, limited by the sensitivity of the
measuring equipment are at approximately the 0 db level. The actual Amplitron noise
is expected to be close to magnetron noise level when measurements are made with
'	 the sensitive test equipment used on the magnetron.
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matching one of the outputs, except for the interposition of a high Q cavity which
i^
	
reflects power over a very narrow frequency region. The resulting signal at
the resonant frequency of the cavity is very clean.
Now, if we look for an analagous selective action in the device
when used as an amplifier, it is found that the drive frequency of an external
signal replaces the reflection from a hypothetical cavity that reflects at only one
frequency, rather than a narrow band of frequencies around the resonant fre-
quency of the cavity as in the "stabilotron'. This analogy would suggest that
a well matched Amplitron should have a very high signal to noise ratio around the
drive frequency. Moreover, the Amplitron does not need to be well matched at
frequencies far away from the drive frequency because the synchronous condi-
tions for interaction do not exist- that is, the noise at other frequencies needs
different value of applied voltage as shown in the w  diagram of Figure 2-26.
l
	
	
The noise measurements that were made on the QKS1875C
Amplitron were made at operating efficiencies in the range of 63 to 67 %a and with
a. power output level of one kilowatt. The output level was low because of the
^..	 tube' s inability to operate at appreciably higher power levels, a subject discussed
'	 elsewhere. The general observation on close - in signal-to-noise ratio performance
of crossed field devices is that it usually improves with both efficiency and power
^i level.
It should not be concluded that the signal to noise performance
indicated by Figure 2-27 is always the noise performance observed on theQKS1875C but rather that it seemed to be a state of operation that did not require
critical adjustment of operating parameters. However, other operating conditions
were found in which the carrier seemed to be phase modulated so that a line
spectrum 40 to 50 dB below and around the carrier, with the lines being separated
by about 10 MHz, were observed. There are apparently a number of different
operating modes in a non-obtimized tube that should be examined to reveal the
causative mechanisms.
2.5.2.4	 Conclusions
k`
Good signal to noise ratio performance was observed in
QKS1875C but these results should be put into perspective by indicating that they
were obtained from probably the first noise measurements of any kind that have
been made on CW Amplitrons in a decade, and the first measurements ever to check
random noise over a broad frequency region. During the last decade noise
measuring instrumentation has greatly improved and it is expected that a dedi-
cated effort to study and observe noise on an experimental basis can produce
rich results. A substantial engineering effort is probably necessary to identify
and remove the ancillary noise producing mechanisms that exist in this device
and which obscure what is probably a basically gaiet energy exchange process.
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2. 5. 3	 Operating Voltage and Microwave Power Output as Function
of Input Current at a Fixed Magnetic Field._
One of the successes of this development has been the achieve-
ment of very low leakage current from the interaction area between the cathode
and anode prior to the onset of interaction between the beam and the slow wave
circuit. This low leakage current results in a very sharp "knee" on the voltage
current characteristic and enables the tube to perform well at very low values
of anode current. It may be recalled that one of the reasons for setting the
upper voltage rating on this tube at 20 kilovolts was the fear that leakage current
could detract from the operating efficiency at operating levels of as much as
two or three kilowatts. The date that we have obtained indicates tliat the full
efficiency of the tube can be obtained at operating levels of two hundred watts
or so.
One of the interesting results of this achievement is that the
design could be scaled with confidence to 40 kilovolt and 10 to Z0 kilowatts of
output, -if leakage current were the only consideration.
The performance that has been achieved is illustrated by
Figures 2- z9 and 2-30. Figure 2-29 shows the anode potential and the micro-
wave power added by the Amplitron as a function of current up to 110 mi.11:-
arnlic, :.e, while Figure 2--29 shows the same data on a scale which includes ,he
design operating point for the anode current, The data indicates that good
efficir-ncy is achieved at a value of power output which is only two to three per-
cent of the rated power level. It follows that the tube has a very wide range of
power level over which good efficiency can be achieved.
2. 5. 4 Comparison of Experim -tally Observed and Theoreticall
Derived Relationships o: Jperating Voltage as a Function
of Magnetic Field.
The theoretical relationship for the DC voltage at which inter-
r.ction starts (Hartree voltage) as a function of magnetic field was given in
Section 2.4. 3. The corresponding experimental data along with the predicted
curve is given in Figure 2-25.
The agreement between the experimentally observed and pre-
dicted values is quite good, considering that there are tolerances involved in
tube dimensions and in calibrating the magnetic field. The magnetic field mea-
suremenEs are made on the axis of the cathode while the magnetic field in the
interaction area is off center. The end shields on the cathode may also have a
shielding action with respect to the DC electric field between cathode and anode.
The operating and theoretical curves in Figure 2-25 should
be studied in association with L. , e W j3 diagram given in Figure 2. 26.
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FOR QKS1875C
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Figure 2-30,
	
Voltage-current characteristic for the QKS1875C showing 	 IL
• very sharp "Knee" at a value of anode current that is
• very small fraction of the normal operating value of	 CC
anode current.
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ratio of the readings on the power meters for the set of measurements with the
Amplitron in position was 0.993. A comparison of these ratios indicates a 4.4%
insertion loss after allowing a calculated insertion loss of 0. 1 1/o for the dummy
section of waveguide.
The difference in the two sets of measurements was roughly
21o, indicating losses beyond the Amplitron itself of 21a. Only a sma.11•fracRon
of these additional losses should occur in the space environment because the
tube will be connected directly to the waveguide without the intervention of the
vacuum windows which together with the sliding contacts and relatively poorjoints existing in the present arrangement account for probably 80% of the
additional loss.
2.5.6	 Maximum Efficiency Achieved
Table 2-1 provides several examples of overall efficiency
together with the gain, magnetic field, operating voltage, and output power level
for that value of efficiency. Two efficiencies are given. The f;.rct is the initially
measured efficiency and the second is the true efficiency of the Amplitron after
proper adjustments have been made for power generated but reflected and not
measured in the output, DC power leakage losses in the cathode cooling water,
and microwave plumbing not permanently attached to the Amplitron.
The true efficiency of the Amplitron is the conventional expres-
sion for Amplitron efficiency:
Efficiency = Microwave power output - Microwave power_ input
DC Power Input to the Amplitron
The initial efficiency measurements were made according to
the following expression:
Initial Efficiency Measurement
Microwave_ Power_ raea .i red in Water Load-Microwave Power Input
DC Power Output of the Power Supply
In the second expression the measured microwave power does
not take into account the microwave power that is generated but reflected and
measur4d as reverse directed power. This reflected power can be eliminated
by trimming the output ;Hatch so that all of the generated power flows into the
water load, but this was not clone in the efficiency examples cited. It also does
not take into account the losses in the coaxial to waveguide transitions. Finally
the second expression does not take into account that fraction of the do power out-
put of the power supply which is consumed in leakage power in the cool.in; water
hoses to the cathode of the tube. Table 2--2 provides the correction factors for
each of these items, and shows that for the last example of 65.4%o efficiency
in Table 2-1, the correction factor sho3ild be 1. 075 to provide a true overall
efficiency of the Amplitron itself of 70 2%. Similar corrections could be made
3
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TABLE 2-1
OPERATING CHARACTERISTICS AND EFFICIENCY
Magnetic Field Operating Power Out Initial
Level Voltage Level Gain Efficiency	 Amplitron(gauss) Level (wags) (db) Measurement Efficiency
1700 8180 610 1.9 53%
2000 9860 1000 3.7 63.5%
2500 11750 1300 3.8 65.4 % 	70.2%
TABLE 2w2
EFFICIENCY CORRECTIONS TO INITIAL MEASURE MENTS
TO OBTAIN TRUE AMPLITRON EFFICIENCY
Efficiency
Correction Factor
Power Reflected Which Could Have Been Matched Out
30 Watts Out Of 1300 Or 2.3 %u 	1.023
Leakage Current In Cathode Cooling Water
3 Ma Out Of 97 Or 3. 2 % 	 1.032
Waveguide To Coax Transition Loss
1. 9% 	 1.019
Accumulative Correction Factor 	 1.075
ii
k
for the first two efficiency examples cited.
To make the initial efficiency measurements as accurate and
valid as possible the microwave power input irietc:r with its directional coupler
and the output power meter with its directional coupler were calibrated simul-
taneously with the basic method of measuring power output, that is, by accurately
measuring the rate of flow of cooling water in the water load and the temperature
rise of that water. For this calibration the Amplitron was replaced with a short
section of 4.340 in. waveguide. The care used in calibrating the power measuring
equipment and its use snakes it possible to assign a probable error of 4 . 174 to
the above efficiency figures.	 T
The efficiency measurements discussed above were made
with Amplitron QKS1875C operating in the forward wave niode.
2. 5. 7	 Crain and Operating Power Level
It has been a great surprise to find that this tube is gain and
power output limited. It had been anticipated that the tube would have no diffi-
culty in operating with a gain of 10 d13 at the five kilowatt power output level.
By contrast typical gains are 3.8 dB with 1300 watts out. The specific gain of
7 dB Called for in the objective specifications, can be obtained at power output
levels of no more than 250 watts. The probable reason for the wide disparity
between predicted and experimental results and the corrections that need to be
made are discussed in considerable detail in Section 2. 7. In this section a brief
discussion of the general relationship between the maximum available gain in
an Ainplitron as it is related to inicrowave drive level will be given.
Historically, it has been found that the relationship between
the maxinium available power output from an Amplitron and the power level of
the microwave drive is given by the following:
Po 	 is2	 + 1'^-V7 	 Pi	 (I1)
4
where:
	
	 X = a Constant depending upon the tube design parameters
P O = maximum microwave power output
Pi
 = microwave power drive level
This relationship has been found to hold over a very wide range
of drive levels as shown in Figure 2-31. The data in figure 2 - 31 is for the QK43.1
Amplitron which has been widely and successfully used for twenty or more ,years
in "stabilotron" fours. The data shown is for the QK434 operatin g; strictly as
a broad band Amplifier (22, lq),
l
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Figure 2-31. Experimental data indicating close agreement with the relation-
	 iship between maximum microwave power output and the micro-wave drive level given by equation ( 11 )	 ^( )for the QK434 Amglitran.
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It follows from (11) that the maximum lain that can be obtained
at any rf drive levels is:
Maximum Gain ° Po
P.
L
_	 2
1	 i
The constant K is obviously the important parameter in evaluating
the maximum gain that can occur at a given drive level, and it can be readily
calculated for a given tube design once the maximum power output for one
representative value of drive power is known.
The relationship of equation (11) seems to hold for the QKS1875C
Amplitron as indicated by Figure 2-32, where there is a close agreement between
the predicted relationship, once the value of K has been computed, and the ex-
perimental data. The problem, of course, is that the value of K is so very low
compared to what it should be in relationship to the K computed for the QKS1532
tube which was thought to be nearly the same electrical size tube as the QKS1875.
The K value computed form Table 2-1, itern 3, is 25. b while for the QES1532
it is 194. 0.
The probable reason for this great disparity is the subject of
Section 2.7.
2. 6
 Modifications of the Baseline Design, QNS1875A, and Purpose
of the Modifications
E
	
	 In the work effort covered by this report, there wero three design
modifications to the original design, malting a total of four different electrical
and mechanical designs that were made. This section is intended to serve- as
a surrunary of the reasons for and the nature of these i-nodifications. The test
results of each design indicated the nature of the modifications to be n1ade to the
next des iga.
All of the modifications involved a physical area of the tube close to
the cathode-anode interatction area so that it is possible to use relatively simple
drawings to indicate the changes that were made. These drawings, which are
included in this section,should be used in conjunction with the cross section of
the complete tube for the base line, QKS1875A drawing, Figure 2-10.
	
2. 6. 1	 QKS1875B Modification Resulting From QISS18 75A Te st
The QKS1875A could not be started with microwave drive of
up to two kilowatts. It was reasoned that either the platinum surface was badly
contaminated with an overlay deposit of poor secondary emitting material or that
some other phenomenon was preventing starting. Because primary-emitting
halo cathodes had been successfully used in starting magnetrons with water cooled
I!
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Figure 2-32. Experimental data indicating that the relationship between
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pure metal cathodes, it was reasoned that a similar arrangement might permit 	 1
i	 the buildup of gain in the QKS 1875 Ampl it-r on.
The modifications incorporated into the Amplitron baseline (QKS1875A)
design to make the QXS1875B design is shown in Figure 2-33. Basically the
starter halo cathode was added as shown and the pole pieces were each cut hack
0. 100 inch to accommodate the halo and reestablish an axially symmetric field.
One side of the halo is connected to a metallic pin on the pole face while the other
end is connected to an electrically insulated feed through bushing located at the
center of the pole face as shown in Figure 2-33. The complete pole piece assembly
was checked in a bell jar and the current and voltage-temperature relationships
determined.
The starter cathode follows a design that was similar to that used
on a 50 kilowatt, 915 megahertz CW risagnetron with a water coaled platinum
cathode. That enabled the magnetron to start from noise and build up rapidly
to the desired . power output level. After the magnetron had started the starter
cathode was turned off.
It will be noted that in many ways such a cathode will simulate a
,Gemitter which might take the form of titanium titrite attached to the face of
the tail pole piece.
All other design aspects of the tube remained the same. In fact the
test model of the QKS1875B was the Q-KS1875A whose tail pole piece and cathode
pole piece assemblies had been removed, reoperated to accommodate the nec-
essary changes, and them reassembled.
Figures 2-34 and 2-35 are photographs of the reoperated cathode
and tail pole pieces.
Before Q1<S1875B was completed, SEM-EDAX tests were made on
the platinum cathode surface of QKS1875A to see if it were contaminated with
a low secondary emitting material. The body of evidence was not conclusive
for contamination that would greatly reduce the secondary emission ratio.
However, QKS1875B utilized a new platinum cathode that was eiectropolished
to decrease the probability of a contaminated cathode as the source of difficulty.
Z. b. 2	 Q:KS1875 Modifications Resulting from QKS1875B Test Data
The addition of the halo cathode did not result in proper tube
performance. However, drawing emission from it started current :flow between
the pole pieces and the anode and resulted in rapid heating of the halo itself by
electron bombardment. Current flow could also be initiated by the injection of
microwaves at the input and the same rapid heating of the halo would result.
Although the nature of the tube operation was not understood, it was clear that
108
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Vigure 2-33. The modifications of the baseline design that resulted in the
QXS1875B design is shown above. The major feature is the
addition of a halo cathode as a startlln_,- device and the increasing
of the gap between the top and botton pole pieces by 0. 200 in.
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Figure 2-34. Side view of the QKS1875B halo cathode mounted on the tail-pole piece assembly
together with a view of the platinum clad cathode mounted on the cathode pole
piece assembly.
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Figure 2-35. Top view of the halo cathode assembly in the QKS1875B.
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there was not a normal flow of current from the cathode to the anode, and that
there was no operation of the kind wanted.
In anticipation that the starter cathode might not solve the
problem, effort had already been initiated on a tube design with a tungsten helix
used as a thermionic emitting cathode. The QKS1875 basic design which featured
electrically isolated and water cooled internal magnetic pole pieces made it
easy to install such a tungsten helix for a cathode. In addition to the normal
arrangement of operating the pole pieces at cathode potential, a set of end
shields of normal geometry with respect to the anode and cathode were added
as a precaution against the axial flow of current that had been observed in
QKS18.75A and B designs. The pole faces were also cut back 0. 100 in. each as
in the QKS1875B design. The resulting tube design was denoted as the QKS1875C.
The form of the tungsten filament is shown in Figure 2-36. The
shorter filament is for the QKS1875C and the longer one for the QKS1875D. The
geometrical arrangement of the C design in the cathode and pole piece region
is shown in Figure 2-37. No other changes were made from those discussed and
indicated on the drawing.
T. 6.3	 QKS1875D Modifications Resulting from QKS1875C Test Data
A considerable amount of test data was obtained from QKS1875C,
and this data is the principle content of Section 2. 5. One very obvious deficiency
of the tube was its low gain and low level of microwave power output. This was
felt to be caused in part by the relatively short length of the anode and cathode
and the presence of the end shields on the cathode which would shield regions of
the cathode near the end shields from the potential on the anode. If these were
the principle reasons for the low gain and power output, the situation could be
greatly improved by making the cathode and anode longer, Therefore the anode
and cathode length were changed from 0.400 in. to 0. 700 in. The balance of the
design was not changed as indicated on Figure 2-37.
Other changes having to do with secondary emission from
surfaces not normally involved in tube operation were made in QKS1875D. All
of the previous designs had had trouble with a phenomenon that resembled a
magnetron diode in which the diode draws progressively higher current at pro-
gressively lower voltages. However, a considerable amount of data indicated
that the regular Amplitron cathode was not involved. This led to the conclusion
that the diode must be eleswhere in the tube. To some extent the phenomenon
was sporadic, depending upon how long the tube has been run, and hi one case
disappeared when the tube had been repumped and reprocessed. (QKS1875C).
These observations led to the belief that secondary emitting surfaces in the tube
must be involved, since magnetron diode interaction involving cold cathodes
necessitates surfaces with secondary emission ratios greater than anity. There-
fore, steps were taken in QKS1875D to use titanium end shields, and to spray
the inner pole pieces with titatium, to eliminate these elemeafs from initiating
extraneous and unwanted magnetron diodes activity.
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Fig-are 2-37. The modifications of the baseline design that resulted in the
QKS1875C and QKS1875D designs. The changes involve the tungsten helix and
the use of end shields that are separated by a distance approximately equal
to the anode length.
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DESIGN & CONSTRUCTION FEATURES 	 TEST RESULTS
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0 PLATINUM CATHODE
.600" MAGNETIC GAP
0 .400 x ' LONG ANODE
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0 STARTING DIFFICULTIES
* SOME EVJDE,T%3CE OF EMISSION FROM
POLE FACES TO ANODE
* OUTPUT PJPE FAILURE TERMINATED
TES TS
QKS Z 8 75B
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}	 0 STARTER HALO CATHODE
0 0.800" MAGNETIC GAP
0 PLATINUM CATHODE
40 .400" LONG ANODE
0 NEGATIVE POLE PIECE FACES
0 BIG FOOT OUTF:,T CONNECTIONS
	
"^	 T NEW FEATURES
W
TEST RESULTS
0 TUBE WOULD DRAW CURRENT WITH
MAGNETIC FIELD APPLIED AND
EXCITED WITH EITHER MICROWAVE
DRIVE OR EMISSION FROM HALO
CATHODE. CURRENT WOULD
INCREASE AND RUN AWAY
0 SEVERE BOMBARDMENT OF HALO
CATI4_ODE AND POLE PIECES
INDICA TING AXIAL MOTION OF ELECTRONS
0 NO OBSERVABLE GAIN
TUBE FAILED DUE TO OUTPUT CERAMIC
RUPTURE
Figure Z-39. Summary of Test Reslults and Design and Construction Features of the QKSI$75B.
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AS AN AMPLIFIER
m 0 CONVENTIONAL END SHIELDS
6 HIGHEST_ EFFICIENCY ATTAINED WAS
0. .800 11
 MAGNETIC GAF 70°!0
a LIMITED IN GAIN AND POWER OUTPUT0 .400" LONG ANODE
NEGATIVE POLE PIECE FACES 0 TUBE WHEN FAST PUMPED EXHIBITED
RUNAWAY PHENOMENA
-'^ a BIG FOOT OUTPUT CONNECTORS
0 TUBE WHEN REPUMPED DID NOT
EXHIBIT RUNAWAY PHENOMENA
_	 . 0 TUBE OPERATED AS BOTH A FORWARD
WAVE AND BACKWARD WAVE AMPLIFIER
NEW FEATURES
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F.	 Figure 2--40. Summary of Test Results and Design and Construction Features of the QKS 1875C.
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FROM TITANIUM
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CIRCUITS MODIFIED
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FILAMENT
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QKS 1875D
m NEW FEATURES
Figure 2-41. Summary of the Design and Construction Features of the QKS1875D.
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The QKS1875D was constructed and placed on test. However,
the filament sagged badly while heating it up to the point where a small amount
of primary emission could be obtained. X-ray photographs confirmed this
sagging but indicated that the cathode was axially still on center. Because of
the probable short life of the cathode if it is heated to emitting temperature, it
was decided to obtain as much data as possible from the tube with the cathode
unheated before proceeding with tests involving thermionic emission from the
cathode..
Some of these cold cathode tests have been very interesting.
For example it has been found that cathode to anode current flow can be initiated
with as small amount as 200 watts of injected drive power, and that operation
can be continued after removing the rf drive at DC power ingest levels as low as
150 watts. The microwave drive apparently has little impact other than to
initiate oscillations which occur at discrete intervals over a very broad band
of frequencies.
A brief summary of pertinent design features and performances
of the various QKS1875 Amplitron designs is given in Figures 2-38 through 2-41.
2.7 Preliminary Investigation of Causes of Low Gain, Low Power
Output, and Lower Efficiency than Expected.
The purpose of tL , section is to report upon a preliminary invest-
igation of the causes for the low gain and power output of the QXS1875C design,
and also for the lower efficiency than expected.
The conclusion that was reached is that there are probably two
principle causes of the low gain and power output. The first of these is that
the scale of the QKS1875C tube on which all the performance data was taken
may be too small to provide an adequate safety factor in meeting the specifications
for gain and power output. The scale of the untested QKS1875D, however, should
be quite adequate. The second and more important cause is probably the unusual
field pattern in the cathode-anode interaction area.
It is also concluded that the unusual field pattern in the cathode-anode
interaction area is a principle cause of the lowered efficiency.
The body of assumptions, observational experience, and analytical
reasoning for reaching these conclusions is summarized in the following material.
1.	 In the interaction area between cathode and anode, a radial
electric field of the proper phase with respect to the space
charge spoke is necessary to counteract the debunching forces
of the space charge in the spoke and to prevent it from breaking
up. This is normally provided by the traveling wave of micro-
wave energy on the circuit, but contaminating radial fields from
end cavity resonances and other sources can add or subtract to
the normal radial .fields and impact the power level at which
the space charge breaks up.
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21	 The breakup of the space charge spoke is of a sudden, cata-
strophic nature. The tube is operating normally with a clean
output as the DC power input is raised until a value is reached
where the input drive no longer controls the output and the
output becomes random noise. Because this boundary is so
sharp the power output level at which it occurs may be pre-
cisely observed and recorded.
The experimentally observed relationship (figures 2-31, 2-32)
of the maximum microwave power output that can be obtained
for a given microwave power input is.,
P	 (max) = K 2 + K VP. - F P,	 (13)
0	 4	 L
The value of K may be computed. from any two experimental
data points for P i rf and Po rf max.
3. An additional input is an analytically derived relationship, based
upon the assumption of rigid and identical spokes of space charge,(22) that the relationship between microwave power Prf at any
point on the microwave slow wave circuit and the microwave
power input P.rf is:i
Prf - C2'X2 Z o	+ CX z j i 	+ P i 	(14)
4
where Z is the characteristic impedance of the network and
C is a variable depending upon space charge density, length of
anode, and other parameters.
This relationship has been experimentally observed on special
tube which have permitted probing along the length of the slow
wave circuit (22) and by more detailed theory of the Amplitron,(21)
The similarity of this expression to (13) is obvious by indentifying
K as CXVZ_ and taking the highest possible value for C which
depends upon the total space charge in the spoke.
4. Expression (14) is derived on the basis of the relationship
= CPP o	 (15)
in which the termPZd^^o etermines the circumferential (as well
as the radial) field w i&I which the electrons interact to generate
power. C is a term which is proportional to the total space
charge in the space charge spoke.
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v5. Assuming that the radial field as discussed in itenn I prevents
the break up of the space charge spoke and noting that this
radial, field is proportional to the square root of the power flow-
]	 ing on the network, the highest possible value of C is governed
by the rnitnimurn power on the network which is at the input. i
6. It is recognized that C is proportional not only to the space
charge density in the spoke but also to the length of the spoke;
that is, C scales as the anode and cathode length.
I	 7.	 We are now in a position to scale the values of K on the basis
of the circumferential length X of the microwave circuit and
the height (or length) L of the anode and cathode, and the
characteristic impedance of the network and to compare the
QXS 18 75 C, QKS 18 75 D, and the QKS 153 2. Fortunately all of
these lobes have the same voltage scale; otherwise this would
introduce another scale factor. As a reference for scaling, the
QKS1532 will be used and here the length of anode, length of
circuit, and Z have all been normalized to 1,, which gives us
the value of 154, for K if the power is in watts. plie comparison
is carried out in Table 2-3.
8. Several important observations can be made from this table:(1) on the basis of the scaled value of 88.4 for K, and the use
of equation (13) the QKS1875C should have produced 4428 watts
of output at 500 watts of drive rather than the 1300 watts that was
produced, and which cscablished the e.xperin-ientally observed
value of 25. 6 for K. (2) at 1000 watts of drive the QKS1875C
should have produced 5746 watts of power output, and (3) on the
basis of the scaled value of 158.6 for K, the QKS1875D should
produce 12, 200 watts of power.
9. There is therefore a large disparity between the performances
Predicted for the QKS1875C on the basis of scaling from the
performance of the QKS1532 and the experimentally observed
performance. The major reason for this is believed to be the
unusual field pattern that has been observed in the A, B, C and
D versions of the QKS1875 design.
10. Field patterns in the interaction area are taken by rotating a
a probe which protrudes iron-i a dummy cathode as shown in
Figure 2-42. The electrical and mechanical test set up are
shown in Figure 2-43. Ideally the cathode is at microwave
ground potential in the operating tube and ideally the only
potential on the slow wave structure is caused by the power
flowing on the network in the normal mode. Figure 2-43b
illustrates an arrangement for taking patterns without thej	 complication of the presence of the end covers, but frequently
it is the end_ covers that are the source of contaminating patterns.
The poor patterns with which we are concerned persisted with
the comparatively simple geometry shown in Figure 2-43b.
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r.
Effective'
Anode
Length
L
l
0.8
1.4
TABLE 2-3
Circuit	 ZoTT	 CmaxLength
X 
QKS 153 2
QKS1875C
QKS 1875D
K =LX1 Z Cmax
	
K
Predicted
	
Experimentally
from QKS 153 2
	 Observed
1 1 194. Not Appl. 194.
.73 0.78 155 88.4 25.6
.73 0.80 271 158.6 none
The selection of the anode length L is somewhat arbitrary. In the QKS1532 the voltage on the slow
wave circuit that produces the radial field drops off in the axial direction from the tube center as
a cosine function, while the end shields in the QKS1875C exert a serious shielding influence so
that the effective anode length is shorter than the physical length.
The comparison relationship between the QKS1875C and D is somewhat better but the adverse in-
fluence of the end shields on the vr^ • e of K is proportionately greater for the C than the D version.
Approximate value of Z in QKS1532 was 120 ohms. Computed value for QKS1875C and D were
73 and 77 ohms, respec?ively, given. in Section 2.4. 2.
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'-"aiar5 fi tted with a probe for sensing the radial fields between the
cathode and anode. The signal that is picked up is fed into the input port of a network
analyzer and compared with the phase and amplitude r- the signal at the output port of
the analyzer which excites the network.
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Figure 2-43a and b. ':electrical and mechanical schematic of the pickup probe
and its us e.
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11. The probe as shown in Figure 2-42 is sensitive to radial fields
only. If the only source of radial fields is that caused by
normal power flow along the slow wave circuit then the radial
field is also a measure of the circumferential field which
extracts energy from the motion of the electrons as thev !Hove.
against the circumferential field. However, the radial field is
the force which pushes the electrons into spokes, often called
"phase focusing!' and prevents the break up or dispersion of
the spoke in a circumferential direction.
The radial field can be substantially altered by contaminating	 1 »
fields associated with end cavity resonances, unbalanced
couplings to the slow wage network, and higher order modes
of the network itself. 'These contaminating fields nearly always
have a radial field that is nearly as strong at the cathode as at
the anode, as distinguished from the radial field established
by the legitimate mode of propagation along the network which
falls off exponentially in the direction of the cathode. The-con-
taminating modes therefore have a relatively strong influence
in the root area of the spokes.
12. The variety and nature of these contaminating field patterns
have never been catalogued for the Amplitron, but there was a
period of time in which they were studied in some detail for
magnetrons and found to have a profound impact upon efficiency.
An uncontaminated field pattern gave the best efficiency, and
some badly contaminated field patterns reduced the efficiency
by a factor of nearly two. After removing the contamination
the efficiency was restored to its normal value.
While an examination of field patterns has not been pursued to
!
	
	
any degree on crossed field amplifiers, it is interesting that	 ^..
some Amplitron designs give close to theoretical efficiency and
others have an efficiency substantially less than theoretical.
13. The contaminating field pattern in the OKS 1875 is such that the 	 `.k
radial field as seen by the pick--up probe nearly vanishes at
the input and output. A characteristic pattern is shown in
Figure 2-44. Note the small difference in absolute potential 	 }
between vanes 1. and 17 (between input and output of the slow
wave network), Note also the sharp phase reversal seeming
to indicate that the space charge spoke is subject to debunching
radial fields as it traverses the gap between rf input and out-
put.
	
.. -:.
14. The pattern of Figure 2-44 should be compared with a theoretical.
pattern as seen in Figure 2-45 where the electric field at the 	 1
van t'	 describede aps is by
E	 ej7rn(I+1/17)	 (16)
where.n is the vane tip number starting with 1 and ending with 17.
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Figure 2-44. Typical field pattern obtained from the QKS1875 with the test set up of Figure 2-42. The
numbers correspond to the vane tips, with numbers 1 and 17 straddling the gap between
input and output connections.
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experimental field pattern has a substantial amount of contamination of the form
+	 given by equation (17).
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3.0 SUMMARY OF RESULTS ON QKS1875 AMPLITRON DEVELOPMENT
The objective of the work effort described in this report is closely related
to meeting he r equirements imposed upon a microwave generator b the powerg	 q	 P	 P	 g	 Y	 i;from space concept in which microwaves are used to transmit energy captured
from the sun by a satellite in synchronous orbit to the Earth's surface. These
requirements include very high efficiency, very long life, capability for dissi-
pating the heat generated by any inefficiency directly into space by passive
radiation, very low emission of power at any radio frequency outside a guard band	 j
around the frequency allocated for the system, low mass requirements, and
critical interfacing with the do power input system. i
Earlier studies had established a baseline design for the generator in its	 j
final configuration for use in space. The -baseline design was arrived at after
considering interfaces of the generator with the transmitting antenna, with the
output of the do power source generally considered to be a solar photovoltaic
array, andwith space as an absorber for heat resulting from any inefficiencies
in the do to microwave energy conversion precess. The design tradoffs that
were made with the objective of minimum mass per kilowatt of radiated power
output indicated a power level of five to ten kilowatts, a gain of five or six db, 	 I "
an efficiency of 85%, and a frequency close to the Z.45GHz selected for the
SPS application.
i	 II	 Earlier system studies had also established the need for a very low level
of noise at all microwave frequencies other than those very close to the main 	 j
signal. There was very little data available which would indicate whether or not
.E	 these requirements could be met with a crossed-field device.
The specific objectives of the work effort covered by this report were to
design, construct, and evaluate a tube which would be consistent with meeting
all of the longer range requirements of a space qualified tube for the SPS
application, but which would be liquid cooled, would have a conventional vacuum	 {
envelope around it, and would have its magnetic field supplied by an electromagnet
rather than by a permanent magnet. In the evaluation, the efficiency and noise 	 ^.
behavior were to be of particular importance. The data obtained from the work 	 I i
effort was to be used as a basis for further refinement of the tube design and for
a more accurate definition of the base-Line design of the microwave power trans- ;..
mission system.
j
	
	 In the course of carrying out these objectives, it was also recognized that
there would be the establishment of a test facility which could carry out the evalu-
ation, and that a particularly important part of it would be a capability of making
the required noise measurements. Such a facility, which features a very low
	 j
noise-level drive source, has been established,	 j
i
The results can best be summarized by considering them in the two
categories of "test results' and "other important results:
5
s	 ^`
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TEST RESULTS
1. Signal to Noise„
 Ratio
A signal to noise ratio of 69 db/MHz was obtained over a band of
2450 to 3450 MHz. The measurement of higher ratios was limited
by the dynamic range of the spectrum analyzer, so that the tube may
be potentially.capable of significantly higher signal to noise ratios.
Such measurements can be made but were prevented by the failure
of output ceramic seal and the inability to suitably repair the tube
before the conclusion of the work effort.
The noise measurement of 69db/MHz is significant in that it is the
first measurement that has been made on a CW Amplitron or crossed
field amplifier in such a broad frequency range, and because it is
better than similar measurements that have been made on pulsed
crossed field amplifiers. Although a considerable amount of add-
itional data is needed,, the preliminary results on signal-to-noise
to noise ratio are considered highly significant, particularly when
backed up by ratios of as high as 110db/MHz on conventional micro-
wave oven magnetrons when operated without heater power and on DC
power supplies. The Azmplitron and magnetron are closely related
in their energy exchange principles and therefore in noise generation.
2. Efficiency
The best overall efficiency obtained was 70. 5%. Although the testing
time given to accurately determining efficiency was limited, enough
testing of a more general nature was dune to indicate that significantly
higher efficiencies from the QKS1875 were unlikely. It was concluded
from microwave field patterns that were taken between the cathode
and anode on cold test models (without a vacuum envelope around the
tube) that a significant part of the departure front the expected efficiency
of 80 to 85% efficiency was associated with the poor quality of thesepatterns.
The circuit efficiency was carefully measured on the finished tube
with full microwave drive level but no amplification and found to be
better than 97 1/o providing the coaxial to waveguide transitions, an
unessential part of `he space tube, were not included.
The circuit efficiency of the operating tube will be even better because
much of the power that is generated is near the output terminal and
does not have to flow through the entire slow--wave-circuit. Such high
circuit efficiency is essential to the long range objectives of a highly
efficient space tube, where an expected overall efficiency of 905/0
requires the contribution of such a high circuit efficiency.
i;
'f i.
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33. Gain and Power Output
Maximum gain and maximum output are inseparably related in
Amplitron devices. The maximum gain available decreases with an
increase in microwave drive level. The established experimental
relationship on Amplitrons which holds for the QXS1875 Amplitron
developed under this contract is
Po max = 1< 2 + K ^Pi. + Pi	 (1 S)
4
where Po max is the maximum power output
Pi is the microwave drive power
K is the coefficient for maximum power output
An unexpected outcome of the QXS1875 tube development is the very
low value of K obtained experimentally with that projected from
scaling procedures in which the QKS1532 had been used as the base
device. The highest value of K obtained for the QKSIS75 was 25. b
whereas it should have been near 88.4 on a scaled basis. Such a
large discrepancy means that the target figure for a gain of 7 db.
could be achieved with only 250 watts of power output, while the
maximum gain that could be achieved with 1300 watts output was only
3.8 db. These latter data points were also the conditions for obtain-
ing the 70.2 °76 efficiency and very close to the conditions for the
measurements of high signal to noise ratio. .
From an analysis of the microwave field patterns in the interaction
area between cathode and anode it is believed that the problem lies
in a peculiar contamination of the pattern which allows the total
radial electric field to drop to near zero at the input of the . device.
Since it is the radial field and the correct phasing of that field that
contains the space charge in the rotating spokes of space charge, it
is believed that the space cha rge spoke breaks up at that location
before there is enough space charge to develop the desired levels of
power output.
4. . Efficient Operation at Low Low Levels of DC Power Input.
One of the distinguishing features between pulsed and CW Amplit cons
is the need for a very sharp "knee" in the observed relationship between
DC voltage and DC current input. Efficient operation will not occur
until the slope of this relationship becomes relatively flat, which of
course is on the top side of the knee. A sharp knee means a very
broad range of power output over which good efficiency will occur.
It also means that the voltage scale of the tube can be relatively high
which is desirable from several points of view in the SPS application.
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A very gratifying result of the QKS1875 test is that the knee is very
sharp, and indeed the efficiency is as good at 150 watts of power out-
put as it is at much higher power levels.
There is no reason to believe that the sharp knee is associated with
low values of gain or maximum power output, since a r,unded knee
merely represents a condition where large amounts of leakage current
escape from the interaction area before the onset of normal operation.
When normal operation occurs, most of leakage current vanishes.
There is, however, the possibility that the leakage current that does
remain may be associated with ancillary noise, and that the sharp
knee may also be a requirement for low spurious noise output.
Sharp 'knees" in previous CW Amplitron devices were achieved by
operating the internal magnetic pole pieces at cathode potential. In
addition to negative pole pieces, the QKS1875 Amplitron has normal
end shields attached to the cathode at the top and bottom of the inter-
action area. It is possible that these additional end shields further
reduce the leakage current and therefore are desirable.
5.	 Starting of Cold Cathodes by Microwave Power Injection
One of the advantages of using Amplitrons in the SPS application is
their demonstrated ablility to have electron emission from a pure
metal cathode initiated by the microwave drive. This feature eliminates
the requirement for a thermionic cathode which has life difficulties,
as well as the requirement for a separate source of power for heating
the cathode or filament.
However, even though the electrical size of the QKS1875 Amplitron
was nearly the same as that of a successfully operated QKS1532, which
also had a pure metal platinum cathode and which could be started
with less than one kilowatt of drive power, there was no indication
of starting, even at a drive level of two kilowatts. The reluctant
behavior of the QKS1875 in this respect is not understood but it may be
related to the poor field pattern and to the low gain of the device at
high power operating levels.
This failure of the original cold cathode device to start with microwave
drive motivated the substitution of a directly heated tungsten cathode
of the helix type. The gain and the power limitations of the device
were then discovered.
The whole area of cathode starting in an Amplitron device is a complex
one. Simple theory based upon inital power flowing on the network
creating a field and reacting with stray electrons to bombard the anode.
and inititiate current flow requires a large amount of power and is
therefore inconsistent with observations of tubes such as the QKS1532.
1I
There is a possibility that current flow is initiated by other mechan-
isms in the tube but these are not clearly understood.
Under any circumstances, it should not be concluded that a cold
platinum clad cathode cannot be designed into the SPS application.
OTHER IMPORTANT RESULTS
1. New Approach to Attaching Input and Output Transmission Lines
The SPS application of the Amplitron has placed some unusually
severe restrictions on attaching the input and output connections.
Normally attachment on Amplitrons is accomplished by balanced
transmission lines that connect the strapped anode to ridged wave-
guides. For high power levels the transmission line is liquid cooled.
The arrangement is not compatible with solid vanes which are
essential in the SPS application to transfer dissipated power from the
interaction area to a symmetrical external cooling radiator.
A large amount of effort was devoted to a new approach in which the
input and output connections were coupled to the top of the vanes at an
angle which would not interfere with either the magnetic circuit or with
the transport of heat fromthe front to the back of the vanes. Mech-
anically, the coupling is sufficiently large to handle power levels of
i	 up to ten kilowatts. Areas are large enough to minimize microwave
shin losses while providing a large cross sectional area to conduct
dissipated pourer to the vanes for transfer to the external radiator.
The normal narrow bandwidth of tap-of-the-vane coupling occasioned
by a large ratio of input inductive reactance to resistive component
has been eliminated by the use of a balanced coupling which greatly
reduces this ratio. However, there is a possiblity that the new arrang-
ment in its present detailed configuration may be the cause of the
poor field pattern. If this is the case, then it must be configured
differently as the poor field pattern cannot be tolerated because of
its impact upon efficiency and probably upon the low gain performance
of the tube at high power output levels.
2. Conventional Vane and Strap Slow Wave Circuits for Amplitrons
The QKS1875 represents the first time that conventional strap and
vane techniques have been used on Amplitrons. If successful the
impact of this arrangement upon the future direction of Amplitron
development will be considerable. The construction is a very
economical one as evidenced by the millions of microwave oven
magnetrons that are produced every year. And it is also a con-
struction that can be conductively cooled.
135	 -
x_._. -- 
^-".i_ 
	 i 	 -.'i-_'..:. ..]	 A	 :5.
I	 .;
r
1i
9
RECOMMENDATIONS FOR FUTURE EFFORT
1.,	 The concentration of the work effort upon the design and construction
of the test models, and the failure of the early cold-cathode models
to operate, resulted in a truncated test program which did not fully
evaluate the QKS1875C and 1875D models which were the last to be
constructed. It is therefore recommended that the last two models
be subjected to more testing. In the case of the QKS1875C model,
this will involve repumping the tube, and in the case of the QKS1875D
model, this may involve replacing the filament in the tube before a
full evaluation can be made.
2. The design of the QKS1875 slow wave circuit and the coupling
arrangement of the input and output to the slow wave structure should
be thoroughly reviewed to understand the poor microwave field pattern
in the interaction area.. Then,, if necessary, either the slow wave
circuit or coupling arrangement, or both, should be revised to obtain
a good field pattern. Hot tubes should then be constructed and
evaluated.
3. In view of a growing trend to think of on-board maintenance of tubes
in space for the SPS, the use of a primary emitting cathode should
be reconsidered. The desired type of cathode would be one that
would start on secondary emission with microwave drive but which
would then heat up from back bombardment and operate mainly on
primary emission.
Based upon data obtained from magnetrons that operate with a tung-
sten filament cathode, the backbombardment power on such cathodes
is I% of the DC input power, or less. In the space applications this
would allow the cathode to radiate heat caused by backbombardment
to the anode and eliminate the cathode cooling radiator which is
considered essential for apure metal cathode that requires a higher
percentage of backbombardment power to obtain the required emission
level.
Such cathodes would not have the potential infinite life of pure me
secondary emitting cathodes but they could have many years of 1i;
particularly in the zero gravity of space which would prevent sags
from gravitational forces. They could probably be replaced by a
single plug in arrangement.
The additional two or three percent efficiency advantage that tube
employing such cathodes would have should not be overlooked. A
92% efficiency tube has definite advantages in mass per kilowatt c
power output over a 90% efficiency tube which has thus far been
considered as the ultimate objective after incorporating the re-
finements necessary to peak the efficiency.
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4. The electrical size of the tube should be reviewed. The extremely
sharp knee on the voltage current characteristic of the QKS1875
Amplitron and the good efficiency at low valu(,,s of power output
indicate that the tube could be electrically scaled to higher voltages
and power level without sacrifice in efficiency. A higher microwave
drive level associated with a higher power tube would make the starting
of an . initially cold cathode easier. The tradeoffs with a much larger
and more complicated cooling system would need to be examined.
Passively cooled tubes with a power output of fifteen to twenty kilowatts
are seen as a possibility. Much higher power tubes are possible
with an active cooling system.. .
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